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Membrane is an emerging technology that holds great promises and displays 
attractive advantages over conventional methods. Polymeric membranes, 
especially polyimide membranes, have been widely applied for gas separations 
due to their attractive permeability, selectivity, and processing characteristics. 
However, traditional membrane materials cannot always achieve high degrees 
of separation performance and suffer from an upper-bound relationship for its 
permeability and selectivity. Their use of natural gas and hydrocarbon 
separations is also limited by plasticization-induced selectivity losses in feeds 
with significant partial pressures of CO2 and C3
+
 hydrocarbons. This greatly 
constrains the application of polymeric materials for industrial use. In this PhD 
work, the main focus is to explicitly tailor the properties of cross-linkable 
glassy polymeric membranes for gas separation application. Four aspects have 
been thoroughly investigated.  
  
Firstly, the new flexible and high performance gas separation membranes were 
fabricated by grafting various sizes of cyclodextrin to the cross-linkable co-
polyimide (6FDA-Durene/DABA (9/1)) matrix and then decomposing them at 
elevated temperatures. The gas permeability of thermally treated pristine 
polyimide (referred as the original PI) and CD grafted co-polyimide (referred 
as PI-g-CDs for 200 and 300 °C and partially pyrolyzed membranes (PPM) -
CDs for 350, 400, and 425 °C) has been determined. It was observed that 
permeability of all tested gases increased with an increase in thermal treatment 
temperature from 200 to 425 °C. However, permeability increased more for 
those grafted with bigger size CD. The permeability of the original PI 
thermally treated at 425 °C was about 4-6 times higher than that treated at 200 
°C. The permeability increase jumped to 8-10 times for PPM-α-CD and 15-17 
times for PPM-γ-CD due to CD decompose at high temperatures and bigger 
CD creates bigger micro-pores. Interestingly, the permeability ratios of PPM-
α-CD to PPM-γ-CD and PPM-β-CD to PPM-γ-CD at 400 and 425 °C were 
around 0.6 and 0.8, respectively. These numbers were almost the same as the 
cavity diameter ratios of α-CD to γ-CD and β-CD to γ-CD. Permselectivity 
decreased first with an increase in thermal treatment temperature up to 350 °C 
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and then increased. Permselectivity of thermally treated CD grafted co-
polyimide membranes were also slightly higher than that of the original PI due 
to higher degrees of cross-linking in CD grafted co-polyimide membranes. In 
addition, for co-polyimide membranes grafted by CDs, the higher thermal 
treatment temperature resulted in membranes with the better plasticization 
resistance to CO2 and the better separation performance in 50:50 CO2/CH4 
mixed gases.  
 
Secondly, with the purpose of better fundamental understanding of this class 
of polymers and aid evaluation of their potential for use in industrial 
application, the intrinsic gas transport properties of thermally treated cross-
linkable 6FDA-based co-polyimide membranes have been studied. Grafting 
various sizes of Cyclodextrin (CD) to the co-polyimide matrix and then 
thermally decomposing CD at elevated temperatures are an effective method 
to micro-manipulate microvoids and free volume as well as gas sorption and 
permeation. The pressure-dependent solubility and permeability coefficients 
were found to follow the dual-mode sorption model and partial immobilization 
model, respectively. Solubility and permeability coefficients of CH4, CO2, 
C3H6 and C3H8 were conducted at 35 ºC for different upstream pressures. The 
Langmuir saturation constant, C'H, increases with an increase in annealing 
temperature. On the other hand, Henry’s solubility coefficient kD and 
Langmuir affinity constant b do not change noticeably. The CH4 permeability 
decreases with pressure while some membranes exhibit serious plasticization 
with an increase in CO2, C3H6 and C3H8 pressures. The diffusivity coefficient 
of the Henry mode (DD) and Langmuir mode (DH) were calculated from the 
permeability and solubility data, and their ratio, F, is higher for membranes 
thermally treated at 425 ºC than those treated at 200 ºC. Data from positron 
annihilation lifetime spectroscopy (PALS) confirm that free-volume and the 
number of micro-pores increases while the radius of pore sizes decreases 
during the high temperature annealing process. All CD grafted membranes 
thermally treated at 425 ºC have almost equal or lower solubility selectivity 
than the original membrane for CO2/CH4 and C3H6/C3H8 separations, but the 
former has much higher diffusion selectivity than the latter. As a result, 
diffusion selectivity plays a more important role than the solubility in 
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determining the permselectivity of the CD grafted membranes thermally 
treated at 425 ºC. 
  
Thirdly, considering the importance of hollow fiber for industrial use, 
thermally cross-linkable co-polyimide dual-layer hollow fiber membranes 
grafted with β-Cyclodextrin were fabricated. The fiber membranes were 
thermally cross-linked at different temperatures and the performance of the 
fibers before and after the silicon rubber coating was studied. It was observed 
that the performances of all gases decreased with an increase in take-up 
velocity and outer-layer dope flow rate. Selectivities of the membrane with 
respect to the take-up velocity initially increased and after a take-up velocity 
value of 7.4m/min started to decrease. This up and down trend was attributed 
to the influence of the elongational draw ratio and change in surface porosity 
of the membrane. Optimum take-up velocity and outer-layer dope flow rate for 
as-spun fibers were 7.4 m/min and 0.5 ml/min, respectively. These conditions 
resulted in CO2/CH4 selectivity of 6.22 and 14.3 before and after silicon 
rubber coating, respectively. The results demonstrate that thermal treatment 
improves membrane selectivities and decrease membrane permeances. The 
enhancement of selectivities should be a result of cross-linking and reduction 
in permeances due to densification of the hollow fiber membranes. 
Selectivities of thermally treated fiber membranes at 350 °C were slightly 
higher than those of the precursor fibers, and this improvement was more 
significant for membranes treated at 400 °C.  This enhancement demonstrates 
that cross-linking is more severe at 400 °C than 200 and 350 °C. The best 
separation performance of the annealed and silicone rubber coated hollow 
fibers in this study had a CO2 permeance of around 82 GPU with a CO2/CH4 
ideal selectivity of around 20 and a high C3H6 permeance of around 29 GPU 
with a C3H6/C3H8 ideal selectivity of 15.3. It could also resist CO2 induced 
plasticization until 25 atm. It is believed that, with these gas separation and 
anti-plasticization properties, the newly developed membranes may have 
highly prospective for natural gas purification and olefin/paraffin separation. 
 
 Fourthly, to continue from the previous works, the mixed matrix membrane 
(MMM) were fabricated by using three 6FDA-based polyimides (6FDA-
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Durene, 6FDA-Durene/DABA (9/1), 6FDA-Durene/DABA (7/3)) and nano-
size zeolitic imidazolate framework-8 (ZIF-8) with uniform morphology 
comprising ZIF-8 as high as 40 wt% loading. Permeability of all tested gases 
increased rapidly with an increase in ZIF-8 loading. However, the addition of 
ZIF-8 nano-particles into the polymer matrix increased the CO2/CH4 
selectivity only for 6.87%, while the ideal C3H6/C3H8 selectivity improves 
134% from 11.68 to 27.38 for the MMM made of 6FDA-Durene/DABA (9/1) 
and 40 wt% ZIF-8. Experimental data demonstrated that the plasticization 
resistance and gas pair selectivity of MMMs were strongly dependent on the 
amount of cross-linkable moiety and annealing temperature. MMMs made of 
6FDA-Durene did not show considerable improvements on resistance against 
CO2-induced plasticization after annealing at 200-400 C, while MMMs 
synthesized from cross-linkable co-polyimides (6FDA-Durene/DABA (9/1) 
and 6FDA-Durene/DABA (7/3)) showed significant enhancements in 
CO2/CH4 and C3H6/C3H8 selectivity as well as plasticization suppression 
characteristics up to a CO2 pressure of 30 atm after annealing at 400 ºC due to 
the cross-linking reaction of the carboxyl acid (COOH) in the DABA moiety. 
The MMM made of 6FDA-Durene/DABA (9/1) and 40 wt% ZIF-8 possessed 
a notable ideal C3H6/C3H8 selectivity of 27.38 and a remarkable C3H6 
permeability of 47.3 Barrer. After thermal annealing at 400 ºC, the MMM 
made of 6FDA-Durene/DABA (9/1) and 20 wt% ZIF-8 showed a CO2/CH4 
selectivity of 19.61 and an impressive CO2 permeability 728 Barrer in mixed 
gas tests. These newly developed MMMs may have good potential for 
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Chapter 1:  Introduction 
Global warming, by means of an increase in the average temperature of earth 
mainly attributed to the release of greenhouse gases (i.e., Water vapor, CO2, 
methane and nitrous oxide) into the atmosphere, has become a great issue 
since mid-20th century. According to studies from the Intergovernmental 
Panel on Climate Change (IPCC), the immediate effect of global warming will 
lead to the sea level rise and an increase in frequency of some extreme weather 
events, e.g., heat waves, tropical cyclones, flood, etc [1]. Based on a recent 
study by Yamasaki [2], among all greenhouse gases, the high proportion of 
CO2 contributes about 80 percent of global warming effects. Thus, to preserve 
our earth and let our descendants have a habitable world, the CO2 capture 
instead of releasing them into the atmosphere has become an exigent task in 
this century. Figure 1.1 shows the sources of carbon dioxide emission. As can 
be seen, almost all CO2 emissions come from burning of fossil fuels. In order 
to efficiently capture CO2 in petrochemical and refineries, one needs to 
separate CO2 from other gas species. One of the main separation processes, in 
prospect of CO2 captures, is natural gas purification (CO2/CH4 separation) [4].  
 
Besides, natural gas plays an important role in today’s energy production. It 
has been widely used as the energy source for domestic appliances, 
manufacturing of metals and chemicals, electricity generation as well as the 
natural gas powered vehicles. Recent statistics showed that approximately 
50% of electricity in the U.S. was generated by combustion of natural gas, and 
moreover, it was expected to increase dramatically over the next 25 years 
[5,6]. The demand for natural gas is continuously growing due to the fact that 
not only natural gas is a clean and efficient fuel, but also a principal feedstock 
for the manufacture of many essential chemicals. Removal of acid gases (CO2) 
is one of the major steps in natural gas purification because it can (i) increase 
the heating value of natural gas, (ii) decrease the volume of gas to be 
transported in pipelines and cylinders, (iii) prevent corrosion of pipeline 
during gas transport and distribution and (iv) reduce atmospheric pollution [7-
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9]. Therefore, CO2/CH4 separation is a very necessary process for CO2 capture 
and natural gas sweetening. 
 
The other important separation process in industries is olefin/paraffin 
separation. Propylene is the second highest petrochemical feedstock after 
ethylene. Propylene is a raw material for a wide variety of products including 
polypropylene, which is used in packaging and other essential applications 
such as automotive components, textiles, and laboratory equipment [10-12]. 
Figure 1.2 shows the major uses of propylene and propane globally [13-14].  
The production of polymers and other special chemicals from olefins such as 
propylene requires extremely high purity olefins (> 99.9%). Since light olefins 
are commonly produced together with corresponding paraffins, the 
olefin/paraffin separation process in the petrochemical industries is crucial 
[15]. 
 
Separation of gases is one of practical but very important unit operations in 
chemical and petrochemical industries such as recovery of hydrogen from 
product streams of ammonia plants, separation of methane from the other 
components of biogas, enrichment of air by oxygen for medical or 
metallurgical purposes, removal of hydrogen, water vapor, CO2, and H2S from 
natural gas (natural gas purification) and olefin/paraffin separation [16]. 
Capital and operating cost of these separation processes can account for more 
than 50% of the production cost in chemical and petroleum refining industries. 
Currently, amine absorption and pressure swing adsorption are the major 
methods for natural gas purification and the separation of olefin and paraffin 
mixtures is typically performed using rectification, adsorption, and cryogenic 
distillation [7-8,15-18]. However, these methods are expensive and energy 
intensive. The increase in energy cost due to the resource depletion has raised 
the demands for the development of low energy separation technologies.  
 
Membrane separation, compared to amine absorption, pressure swing 
adsorption, rectification and cryogenic distillation, has advantages, including 
low energy consumption, easy operation and maintenance, environmental 
benign and small footprint [19-21]. Many studies have been done on 
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membrane separation for the purpose of replacing traditional separation 
technologies [8]. Membranes, especially polymeric membranes have been 
explored in various kinds of gas separation applications such as natural gas 
sweetening [7-9,20-21], and olefin/paraffin separation [22-29]. In order to 
have a good gas separation performance, membranes must have high 
permeability and permselectivity, excellent chemical resistance (for resistance 
against corrosive materials such as H2S), great thermal stability (for high 
temperature applications), good mechanical properties (for high pressure 
applications), and superior plasticization resistance [20, 30-31]. 
 








The following sections introduce the membrane technology in gas separation 
applications, membrane structure and modules and research objective. A more 
detailed discussion of previous and current research will be presented in 
Chapter 2. 
 
1.1 Membrane Technology for Gas Separation 
Compared with conventional gas separation processes such as cryogenic 
separation, physical adsorption and chemical absorption, membrane-based gas 
separation has played a significant role in gas separation industries [8]. This is 
fairly visualized with a less energy consumption for membrane gas separation 
since it does not require phase displacements as does in cryogenic separation. 
On the other hand, membrane gas separation is operated by continuous 
separation and does not require intermittent cycles as does in physical 
adsorption. Furthermore, it does not consume chemical that reveals the 
characteristics of environmental friendliness, whereas, substantial amount of 
toxic and corrosive chemicals are used in the chemical absorption process. The 
lack of mechanical complexity with the absence of moving parts in membrane 
systems is another advantage of membrane separation. Thus, membrane 
separation allows a simpler system of operation and can be accomplished with 
small footprints. This is particularly suited for use in remote applications such 
as offshore gas-processing platforms [32].  
 
Gas separation membranes currently comprise a market of over 150 million 
U.S dollars per year. This number is expected to rise to around 750 million 
dollars by 2020 [8]. Moreover, it is expected that the membrane gas separation 
will play an increasingly important role in reducing the environmental impact 
and costs of industrial processes, particularly with the concern of global 
warming, a direct impact of fossil fuel usage with the increase of carbon 
dioxide (i.e., CO2) concentration in the atmosphere. Among the different 
options that can prevent carbon dioxide from build-up, such as processes with 
enhanced energy efficiency, an increased use of renewable energy sources or 
the development of non-CO2 emitting energy sources, carbon capture and 
storage is considered a key issue. This, on the other hand, opens another 
opportunity for membrane-based gas separation process and technology for 
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CO2 capture. Membrane technology has been used commercially for some gas 
separation applications since 1980. The major applications that we focused in 
this study are introduced below. 
 
1.1.1 Natural Gas Purification 
Natural gas is a gas mixture consisting primarily of methane with up to 20% of 
other hydrocarbons as well as impurities in varying amounts such as carbon 
dioxide. The composition of raw natural gas varies widely. Beside the main 
component of methane, it contains significant amounts of low hydrocarbon 
and a small amount of undesirable impurities such as carbon dioxide, nitrogen 
and hydrogen sulfide. Consequently, treatment is required to meet the transfer 
condition in the pipeline. Natural gas is usually produced at high pressure and 
to conserve the energy membrane should be designed to remove impurities 
into the permeate stream and to leave methane, ethane and other low 
hydrocarbons in the high pressure feed side. This can eliminate the 
recompression process which is highly energy intensive. The first membrane 
systems for CO2 removal were installed in the early 1980s. Since then, the use 
of membranes in natural gas processing has been dominated by CO2 removal. 
Traditional membranes used for acid gas removal are constructed from glassy 
polymers, such as cellulose acetate or polyimide. These polymer membranes 
remove both CO2 and H2S from natural gas streams, but CO2 is the focus 
molecule due to its small size and high contaminant concentration in many 
streams [33].  
 
1.1.2 Carbone Dioxide Capture 
Carbon dioxide is the main greenhouse gas which causes the global warming. 
With the high concern of global warming and severe climate changes, carbon 
dioxide separation has paramount importance in the industry because the high 
proportion of CO2 contributes about 80 percent of global warming effects [3]. 
Capturing carbon dioxide from both pre- and post-combustion then sequesters 
it in a secured place is an important task to mitigate the global warming issue. 
Amine absorption is the most widely used technology in removing carbon 
dioxide from the mixture. The high capital, operational and maintenance costs 
of this technology make people searching for an alternative technology. 
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Membrane technology shows great potential to remove carbon dioxide. 
Unfortunately, it is only attractive for the small scale of operation (<5 million 
SCFD), and costs are still too expensive to compete with amine absorption if 
the system needs to handle more than 40 million SCFD [34]. In general, 
despite the advantage of small footprint, low maintenance cost, membrane 
technology is still not competitive with the current amine absorption 
technology unless the performance of the membrane increases significantly. In 
the application of carbon dioxide capture, the membrane is favored only in 
offshore platforms where constrain of space is the main concern. 
 
1.1.3 Olefin/Paraffin Separation 
Two of the most important petrochemicals are the olefins ethylene and 
propylene. In 2004, 146 and 82 billion pounds of ethylene and propylene, 
respectively, were produced worldwide [35]. Both are feed stocks for many 
other important chemical products; the most important being polyethylene and 
polypropylene. Worldwide, 72 billion pounds of polyethylene and 42 billion 
pounds of polypropylene were produced in 2004. Propylene and propane are 
found in the low and middle fractions of the distillation process, albeit in small 
amounts. Large amounts are formed when gasoline is made by cracking or 
reforming. Other olefins and paraffins can be found throughout the refining 
process. The separation of these two has been relatively more difficult than 
that of other gas pairs, mainly ascribed to their close thermodynamic and 
physical properties. The simulated molecular dimension of propylene and 
propane is presented in Figure 1.3 while the thermodynamic properties of both 
are tabulated in Table 1.1.  
 










Propylene C3H6 42 226 365.2 





Figure ‎1.3: Simulated molecular dimension of propylene and propane [23] 
As can be seen, both gases have similar molecular dimensions, boiling points 
and critical temperatures. The only difference is that propane is saturated 
hydrocarbon and propylene is unsaturated hydrocarbon. Compounds of carbon 
and hydrogen whose adjacent carbon atoms contain only one carbon-carbon 
covalent bond are known as saturated hydrocarbons. They are called saturated 
compounds because all the four bonds of carbon are fully utilized and no more 
hydrogen or other atoms can attach to it. These saturated hydrocarbons are 
called alkanes and the general formula for an alkane is CnH2n+2. Due to the 
presence of all single covalent bonds, these compounds are less reactive and 
the number of hydrogen atoms is more when compared to its corresponding 
unsaturated hydrocarbon. Compounds contain single carbon-Compounds of 
carbon and hydrogen that contain one double bond between carbon atoms 
(carbon=carbon) or a triple bond between carbon atoms (carbon≡carbon) are 
called unsaturated hydrocarbons. Unsaturated hydrocarbons can be divided 
into ‘alkenes’ and ‘alkynes’ depending on the presence of double or triple 
bonds respectively.  The general formulae are CnH2n for alkenes and CnH2n-2 
for alkynes. These compounds are more reactive and their high reactivity is 
due to the presence of pi-bond in their structure. Then sorption and adsorption 
of these unsaturated hydrocarbon (alkene) in polymer matrix or inorganic 
particles could be higher than saturated hydrocaron (alkan). Although 
membranes can lead to extensive energy and cost savings, many researchers 
envision membrane separation units fitted in line with current separation 




1.2 Membrane Structures and Modules 
There are many different ways to fabricate a membrane such as solution 
casting, melt spinning, wet spinning, track etching and sol-gel process. The 
way of membrane fabrication results in a different structure of the ultimate 
membrane. Generally, membrane structure can be categorized into four 
different types: (a) symmetric, (b) asymmetric, (c) asymmetric composite and 
(d) micro-porous composite membranes [36].  
 
The membrane has a symmetric structure always named dense membrane. It 
has an identical structure over the entire cross section of the membrane and 
this type of membrane, usually prepared by solution casting method with 
controlling the evaporation rate of the solvent. Economically, symmetric 
membrane is not commercially viable due to the thick, dense layer which 
hinder the performance of the membrane. However, it can be used for 
fundamental investigation on the intrinsic properties of the membrane 
material. The valuable information obtained from the fundamental 
investigation provides guidance in the subsequent fabrication of asymmetric 
membranes.  
 
The asymmetric membrane consists of a number of layers, each with different 
structures and permeability. A typical asymmetric membrane has a dense 
selective layer and a porous substrate. The thin dense selective layer separates 
the gas molecules, while the porous substrate provides mechanical strength to 
the membrane. The asymmetric structure can be obtained by either solution 
casting or wet spinning technique. It has a graded pore structure and 
frequently from the same material across its thickness. The porous structure in 
the support minimizes the substructure resistance which in turn enhances the 
gas flux of the membrane. Asymmetric membrane has very thin dense 
selective layer. In other words, it has a much higher gas flux compared to the 
membrane with symmetric structure. Consequently, the asymmetric membrane 
is more prevalent in industrial applications. Under the circumstance that the 
defect-free selective layer is not attainable upon optimizing the membrane 
fabrication protocol, the membrane still can be repaired by sealing the minor 
defects on the membrane surface using silicone rubber. This type of membrane 
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is categorized as asymmetric composite membrane. Asymmetric composite 
membrane normally has two or more distinctively different layers made in 
different steps. If the material of the dense selective layer is not compatible 
with the substrate, the integrity between the two materials will affect the 
mechanical stability of the membrane significantly. In this case, a gutter layer, 
which is compatible with both materials, should be adopted to enhance the 
adhesion of the two layers. 
  
In order to handle a large amount of industrial gas feed and apply membranes 
on a technical scale, large membrane areas are required. Thus, it is desired to 
pack the membrane area into a small unit, called membrane module. The 
design of the membrane module needs to be carefully chosen for each 
separation process and operational conditions. Unlike the membranes in 
water/wastewater treatment process, the cleaning is of less importance in gas 
separation. The main interest of module design is a high packing density such 
that a high ratio of membrane area to module volume is feasible to minimize 
manufacturing costs. There are three major module types for gas separation 
processes, plate-and-frame, spiral-wound, and hollow fiber [37].  
 
Depending on the process applications, different types of membrane modules 
can be applied with the consideration of cost, membrane fouling and 
concentration polarization [38]. Hollow fiber modules by far, is the most 





, and it has the lowest cost per unit membrane area [38]. The 
shortcoming of this module design is the poor fouling resistance. However, the 
gaseous feed streams can easily be filtered, and the fouling problem is not 
applicable in gas separation applications. Although fouling is not a serious 
issue in gas separation, concentration polarization does affect the separation 
efficiency in the module. A cross-flow hollow fiber module is commonly used 
to obtain better flow distribution and reduce concentration polarization. In a 
typical hollow fiber module, there may be thousands of hollow fibers 
assembled together. Each hollow fiber consists of a thin functional layer and a 
porous, non-selective support layer. The free ends of the fibers are potted with 
agents such as epoxy resins. Self-supporting is another big advantage in 
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hollow fiber membranes. However, the major drawback associated with 
hollow fiber modules is the significant pressure drops at the permeate side, 
which might require additional energy to compress the wanted permeate gas 
for transportation.  
 
1.3 Research Objective and Organization of Dissertation 
In view of the above review, polymeric membranes should have high gas 
permeability, permselectivity and good operational stability to compete with 
conventional technologies in the industrial applications. Currently, only a 
small share of the available polymer materials has been used to make at least 
90% of the total installed gas separation membrane base [8] and most of them 
are rigid glassy polymers. Several hundred new materials are not fit for 
industrial application. To compete with well-established conventional 
separation processes and extend their applications further, polymeric 
membranes should also have good mechanical properties, thermal/chemical 
resistance, superior plasticization resistance and physical aging. Most 
importantly, polymeric membranes should have ultra-high permeability and 
good selectivity in order to treat large volumes of industrial gases. However, 
polymeric membranes still face two major challenges. 
 There is a limitation in achieving the desired performance of a high 
permeability combined with a high permselectivity. There is a trade-off 
relation between permeability and permselectivity for most gas pairs 
[19].  
 The separation performance of polymeric membranes generally 
degrades when separating highly soluble gases such as CO2 or 
hydrocarbons such C3H6 at relatively high pressures. This phenomenon 
is referred as plasticization [31,39,40]. In the occurrence of 
plasticization, the gas pair selectivity is reduced and the ideal 
selectivity measured by means of pure gas tests can no longer be used 
to estimate the mixed gas membrane performance [41]. 
In an effort to achieve enhanced membrane gas separation performance, the 
main objective of this research work was to tailor the membrane properties by 
modifying glassy polymeric membranes for various gas separation 
applications. The specific objectives of this research were to: 
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 Synthesize co-polyimide grafted with thermal liable molecules for 
CO2/CH4 and C3H6/C3H8 separation. Three Cyclodextrins (CDs) with 
different sizes will be grafted on the 6FDA-based co-polyimide by 
esterification [30]. Thermal treatment of the co-polyimide will be 
conducted from 300 to 425 °C to study the effects of different 
annealing temperatures on the membrane separation performance. 
After thermal treatment, the decomposed CD may leave different sizes 
of microvoids in the membrane and effect on membrane separation 
performance.  
 Fabricate of dual-layer hollow fiber membranes with this modified 
glassy co-polyimide due to the great importance of hollow fiber for 
industrial use. 
 Synergistically combine the strengths of ZIF-8 and cross-linkable 
6FDA-based polyimide and molecularly design MMMs for natural gas 
purification and olefin/paraffin separation. These cross-linkable 6FDA-
based polymers will be chosen because of their impressive 
performance for CO2/CH4 and C3H6/C3H8 separation [30]. The effects 
of (1) diamine ratio (i.e., The ratio of Durene to DABA monomers in 
the co-polyimide structure), (2) annealing temperature (i.e., Different 
degrees of cross-linking) and (3) plasticization phenomenon on 
membrane separation performance will be systemically investigated. 
The result of this present study may contribute to:  
 Exploring the science and engineering if one can incorporate different 
sizes of CD and manipulate the free volume and its size with enhanced 
permeability and selectivity of the resulting membrane via by thermal 
degradation and partial cross-linking of the polymer matrix. 
 Investigating the effect of ZIF-8 nano-particle loading and thermal 
treatment modification of gas separation performance of these 6FDA-
based co-polyimide membranes. 
The focus of this study is on thermal cross-linking of this special 6FDA-based 
co-polyimide, and the temperature of thermal treatment is not more than 425 
ºC (Partially pyrolyzed). It is not the task of this study to investigate the high 
temperature treatment that makes carbon molecular sieve membranes (CMS) 
because carbon molecular sieve membranes are brittle and less flexible than 
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polymeric membranes and partially pyrolyzed membranes. Therefore, it is 
difficult to use these kinds of membranes for industrial applications. 
This dissertation is organized such that general information has been covered 
before introducing the specific findings of this work.   
 
Chapter 2 summarizes background information, a review of significant 
literatures and the fundamental theory of the topics investigated in this work. 
 
Chapter 3 documents the experimental approaches and methodologies along 
with the materials involved in all areas. Additionally, a detailed description of 
the membrane characterizations, including both physical properties of 
membranes and gas transport properties is provided. 
  
Chapter 4 reports the preparation of cross-linkable co-polyimide (6FDA-
Durene/DABA (9/1)) membrane grafted with various sizes of Cyclodextrin 
(CD). The post treatment is carried out by thermal treatment at different 
temperatures from 300 to 425 ºC. The changes in the physical properties of the 
membranes by grafting various sizes of Cyclodextrin to the polyimide matrix 
and then decomposing them at elevated temperatures are monitored by TGA, 
FTIR, DSC and XRD analyses. Additionally, the gas transport properties were 
discussed at different annealing temperature.  
 
Chapter 5 investigates the intrinsic gas permeation properties of 6FDA-
Durene/DABA (9/1) co-polyimide grafted with different size of CDs over a 
wide range of pressures and the effects of annealing temperatures on gas 
permeability, diffusivity, and solubility coefficients. 
 
Chapter 6 discusses the preparation of cross-linkable dual-layer hollow fiber 
membranes with this modified glassy co-polyimide due to the great 
importance of hollow fiber for industrial use. The structural properties of the 
hollow fiber membranes at different annealing temperature were monitored by 




In Chapter 7, the effect of ZIF-8 nano particle on the gas separation 
performance of cross-linkable 6FDA-based co-polyimide mixed matrix 
membrane is investigated. The physical properties of the mixed matrix 
membranes at different annealing temperature and different ZIF-8 loading 
were monitored by TGA, XRD, FESEM, and EDX analyses. 
 
The general conclusions drawn from this research study are summarized in 
Chapter 8. Recommendations for future works are proposed to consider the 
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Chapter 2:  Theory and Background 
2.1 Polymeric Membranes for Gas Separation 
Polymeric membranes have been explored in various kinds of gas separation 
applications such as natural gas sweetening [1-3], and olefin/paraffin 
separation [4-10]. In order to have a good gas separation performance, 
membranes must have high permeability and permselectivity, excellent 
chemical resistance (for resistance against corrosive materials such as H2S), 
great thermal stability (for high temperature applications), good mechanical 
properties (for high pressure applications), and superior plasticization 
resistance [11-13]. 
 
Depending on the glass transition temperature of the membrane material, the 
polymers are generally classified as glassy polymers and rubbery polymers. 
Generally, a polymer is recognized as rubbery polymer if its Tg is well below 
the room temperature. Otherwise, the polymer is glassy in characteristics. 
Glassy polymers are characterized by hard and brittle moiety with restricted 
chain mobility due to their high glass transition temperatures. Unlike rubbery 
polymers, glassy polymers are in a non-equilibrium state, which makes the 
diffusion in glassy polymers more complex compared to that in rubbery 
polymers. In glassy polymers, the mobility term is usually dominant, and gas 
permeability increases with decreasing gas penetrant size. The gas separation 
is mainly achieved by size discriminating of the gas penetrants, and the 
diffusivity selectivity dominates the overall selectivity of the membrane. 
Conversely, in rubbery polymers, the permeability increases with increasing 
gas penetrant size and larger gas molecules permeate preferentially. Therefor 
the solubility selectivity is dominant in rubbery polymeric membranes [14-16].  
 
Among the polymeric membranes for gas separation application, polyimides 
are one of the most attractive and favorable materials due to their excellent 
properties such as high thermal stability, chemical resistance, mechanical 
strength, and impressive performance for CO2/CH4 and olefin/paraffin 
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separation. Moreover, these polymers can be tailored to yield varying transport 
properties for optimized separations [17-19]. 
 
2.1.1 General Transport Theory 
With the purpose of understanding membrane mechanism and performance, 
the structure of the membranes must be considered. Structural information on 
the size and distribution of micro-voids or free volume in the glassy state has 
been used to interpret the transport properties of polymeric membranes. 
Depending on the membrane structures, the gas transport mechanism is 
different from one to another. The separation of gases in membrane with 
porous structure is based on molecular size through the small pores in the 
membrane matrix. On the other hand, most of commercial polymeric 
membrane is based on nonporous membranes, which follow the solution-
diffusion mechanism. It is theoretically assumed that penetrant molecule first 
sorbs into a polymer before diffusing in the material then diffuse across it and 
finally desorb into the downstream gas phase side [14]. The transport of gas 
molecules through the nonporous polymer membrane occurs due to random 
molecular motion of individual molecules. This process can be described in 
terms of Fick’s first law of diffusion. 
 
Understanding the glassy state of amorphous polymers is very important in 
understanding physical properties and applying these polymers into industrial 
processes. Membranes are generally characterized in terms of their 
productivity (Permeability coefficient) and efficiency (Permselectivity). The 
gas permeability depends on two factors: one is a thermodynamic term, 
solubility coefficient, which characterizing the number of gas molecules 
sorbed into the polymer, and the other one is a kinetic term, diffusivity 
coefficient, which characterizing the mobility of gas molecules as they diffuse 
through the polymer[14]. 
 
Permeability, solubility, and diffusivity coefficient through the glassy 
polymeric membrane could be considerably affected by different levels of 
interaction between the polymer matrix and the penetrant species. Essentially, 
the plasticization effect varies widely according to polymeric membrane and 
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penetrant molecule. The relatively strong interaction between penetrant 
molecules and polymeric membranes show non-Fickian or abnormal diffusion 
and also causes plasticization of the polymeric membrane. Glassy polymeric 
membranes can convert from the glassy state to a rubbery state by 
plasticization even at room temperature, indicative of glass transition pressure 
at constant room temperature [20]. 
 
2.1.1.1 Permeability Coefficient 
Fundamentally, in gas separation, permeability (Pi) is defined as flux of a 
penetrant (Ni) through a membrane with a film thickness (l) and the pressure 
drop across the membrane (Δpi). Permeabilities are commonly reported in 
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At steady-state, we assume that the diffusion coefficient is independent of 
penetrant concentration, and then from Fick’s first law we find [22]:  
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where Di is the local diffusion concentration of the gas in the membrane, Mi is 
the mass fraction of gas in the membrane, Ci is the concentration gas A 
dissolved in the membrane and x is the distance across the membrane. If we 
then integrate over the membrane thickness and describe the penetrant 
concentrations in the upstream and downstream of the membrane as x=0 
(C=C2) and x=l (C=C1) respectively, we find: 
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where DAv. is the average effective diffusion coefficient between C1 and C2. 
When the upstream pressure and concentration (p2 and C2) are much greater 
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where the SAv. is the equilibrium solubility coefficient of a gas penetrant A in 
the membrane, it is the ratio of the concentration of gas dissolved in the 
membrane at equilibrium to the pressure of gas in the contiguous gas phase 
[22].  
 
2.1.1.2 Diffusivity coefficient 
Diffusivity of gas molecules through the dense membranes is possibly 
occurring through the transient gaps in the polymer chain matrix due to 
thermal fluctuations. This diffusivity coefficient mainly depends on the size of 
the penetrant, flexibility of the polymer chains and the free volume size and 
distribution of the polymer [23]. The diffusivity of gases decreases as the 
kinetic diameter of the gas molecule increases.  
 
In rubbery polymer diffusivity coefficient involves the generation of a 
sufficiently large gap in the polymer adjacent to the sorbed penetrant for the 
penetrant to move into, with the subsequent collapse of the sorbed cage that 
was previously occupied by the penetrant. However, diffusion in glassy 
polymer is different from rubbery polymers because of the difference in the 
characteristic scales of the micro-motions that are much less extensive than 
rubbery polymers and are believed to be torsional oscillations. Some 
differences arise because of the presence of trapped excess free volume in 
glassy materials. 
 
It has been noted that diffusion coefficients can actually be a strong function 
of local penetrant concentration [24,25], so DAv. in Eqs. (2-3) – (2-5) is 
actually an average diffusion coefficient in the membrane and we can simply 





















2.1.1.3 Solubility Coefficient 
Gas solubility in polymeric membranes is determined by condensability of the 
gas molecule, the interaction between the gas molecule and the polymer 
material and free volume of the membrane. The condensability of the gas 
molecule is closely related to the critical temperature of the gas species. The 
gas has a high critical temperature tends to be condensed, easier than the one 
has a low critical temperature [26]. Sorption in rubbery polymers is similar to 
the dissolution of gases in liquids. The gas sorption, C, can be described using 
Henry’s law as follows [27].  
                                                                                                     (2-7)DC k p   
 
where kD is the Henry’s law constant indicating gas dissolution into the 
equilibrium-defined polymer matrix (cm
3
 (STP) / cm
3
-atm), p is the pressure 
of the feed gas in contact with the polymer (atm). However, the solubility of 
penetrant molecules in glassy polymeric membranes is denoted by different 
sorption mechanisms into the polymer matrix and the micro - void region. The 
main mechanism of sorption into the matrix component is Henry sorption 
(CD), and Langmuir sorption (CH) governs in the micro-void region. 
Therefore, the dual model theory of gas sorption is described by the sum of 
these two contributions and total sorption (C) is therefore used to describe the 
uptake of gases into both of these glassy polymer environments. In terms of 
gas pressure, the model is written as: 
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where C is the concentration of the gas sorbed in the polymer with a unit of 
gas volume (cm
3
) per polymer volume (cm
3
), CD and CH are the 
concentrations of the gas penetrant sorbed at the Henry sites and Langmuir 
sites, respectively, C'H is the Langmuir capacity of the glassy polymer that is 
related to the un-relaxed volume, which is a measure of the departure from 
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equilibrium in the glassy state, and b is the Langmuir affinity parameter 
describing the affinity of the gas to a Langmuir site. The Langmuir capacity 
can be viewed as a measurement of the excess free volume of a polymer [28-
32]. 
 
The solubility coefficient (S) of the gas in a glassy polymeric membrane is 
described as the ratio of equilibrium gas concentration of the applied gas 
pressure, as shown in Eq. (2-9): 











Gas sorption may display an unusual isotherm if a gas is polar in nature and 
highly condensable. For example, some glassy polymers can be plasticized to 
the rubbery state by condensed CO2 gas, and this phenomenon depends on the 
interaction between glassy polymers and CO2 gas [20]. Since one can conduct 
the gas sorption isotherm experimentally, the three dual-mode sorption 
parameters (kD, C'H, and b) can be obtained by curve fitting using a nonlinear 
least squares method [32-36]. 
 
In the dual-mode sorption theory, the Langmuir mode species were originally 
considered not to be mobile at all. In contrast, the partial immobilization 
model is based on the independent dual diffusion of the Henry and Langmuir 
modes, but assumes that species in the Langmuir mode can mobilize relatively 
in glassy polymeric membranes. Since the concentration C of gas sorption is 
assumed to obey the dual-mode sorption model as written by Eq. (2-8) and 
permeation flux (permeation amount per unit time) J through the glassy 
polymeric membrane is given by Eq. (2-10) and Eq. (2-12) the following 
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where C is the concentration of the penetrant; y is the membrane thickness; 
D(C) is the concentration dependent diffusion coefficient; DD is the diffusion 
coefficient under the Henry mode; DH is the diffusion coefficient under the 
Langmuir mode; F is the ratio of the two diffusion coefficients (DH/DD); K is 
equal to H DC b k ; D

 is the average diffusion coefficient, and P

 is the average 
permeability coefficient. 
 
The Eq. (2-14) is the partial immobilization model [37-39].  This equation is 
reduced to a fully Henry mode dominant process if F is equal to zero. In 
addition, the permeability coefficient, P

, decreases slowly with an increase in 
system pressure, and then reaches to kD DD irrespective of the F value because 
of the saturation of Langmuir sites. The increased permeability coefficient at 
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low pressure is due to a contribution of the diffusion attributed to the 
Langmuir mode species. The permeability coefficient is improved, notably by 
the increase in the value of F. In this model, the diffusivity coefficients of the 
Henry mode (DD) and Langmuir mode (DH) can be readily calculated from the 





 when a straight line is obtained in the plot. As Langmuir sorption is 
known to be chemical sorption, generally the Langmuir-sorbed molecule is 
considered to be thoroughly settled into a sorption site. However, such an 
immobile mechanism is not applied to glassy polymeric membranes, but rather 
the concept that the Langmuir sorbed molecule is slightly mobile is accepted 
for the gas permeation of such systems. Therefore, the permeation model of 
glassy polymeric membranes is called the partial immobilization model [20]. 
 
2.1.1.4 Permselectivity 
The permselectivity of a membrane, describes the efficiency of a membrane 
material in separating one component over the other component in the gas 
mixtures. For a binary gas mixture permeating across a membrane, the 
permselectivity can be defined as the ratio of more permeate gas (i) to less 
permeate gas (j) 
/
 










where Yi, Yj, and Xi, Xj refer to mole fractions of the components in the 
permeate stream and feed stream, respectively. Under conditions of negligible 
permeate pressure; the ideal separation factor ᾱ i/j can be expressed as the ratio 
of the permeability of the gas penetrants i and j as follows: 








The ideal permselectivity can be expressed as the product of solubility 
selectivity (Si/Sj) and diffusivity selectivity. Therefore, both solubility and 
diffusivity selectivity should complement each other in order to achieve high 
selectivity of the membrane. Generally, the diffusivity selectivity dominates 
the overall gas separation in glassy polymeric membranes, where the gas 
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separation mainly depends on the size discriminating ability of the polymer 
material [24]. However, the solubility selectivity dominates the performance 
of the membrane if rubbery material is used. 
 
2.1.1.5 Plasticization Behavior 
Although the glassy materials exhibit attractive gas transport ability, the 
separation performance of polyimides generally degrades when separating 
highly soluble gases such as CO2 or hydrocarbons at relatively high pressures. 
This phenomenon is referred as plasticization [10-12, 40-42]. In the 
occurrence of plasticization, the penetrant species such as CO2 swell up the 
polymer matrix, facilitate segmental motions, and accelerates diffusion 
processes of all gas species [43-45]. This enhancement in chain mobility 
results in the loss of size and shape discrimination, and leads to increased 
diffusivity for all penetrants in the membrane. The slowest penetrant is 
impacted the greatest, and thus, a drop in gas pair selectivity is observed 
concurrent with an increase in permeability. Therefore, the ideal selectivity 
measured by means of pure gas tests can no longer be used to estimate the 
mixed gas membrane performance [45].  
 
As previously discussed, permeability asymptotically decreases with 
increasing pressure in glassy polymer membranes due to Langmuir saturation. 
However, when a membrane plasticizes, a pronounced increase in 
permeability can be observed. The pressure at which permeability begins to 
increase is defined as the plasticization pressure. Hence, the structure of glassy 
polymers needs to be further stabilized to improve the membrane stability.  
 
Cross-linking has been recommended as a way to stabilize the membrane 
against plasticization [12, 46]. The networked matrix in these materials, 
exhibits greater stability at higher feed pressures of high-swelling penetrants. 
This concept is of fundamental importance to the current work and will be 




2.1.2 Cross-linkable Polymeric Membranes for Gas Separation 
As briefly mentioned above, an effective method to reduce plasticization-
induced of membrane performance is to use a cross-linkable polymeric 
membrane. CO2 and propylene are important gasses for industrial separations, 
and given its tendency to swell polymers, researchers have been investigating 
cross-linking solutions for several decades. The extent of cross-linking and 
distribution of the resultant network can profoundly affect the physical 
properties of polymeric membranes. Generally, it is believed that cross-linking 
can be used to: 1) increase the membrane stability in the presence of 
aggressive feed components; 2) suppress CO
2
-induced plasticization; and 3) 
achieve better gas separation properties. Owing to the well-known tendency of 
CO2, propane and propylene to plasticize membranes under industrially 
relevant conditions, this technique has garnered much interest in the area of 
natural gas purification and olefin/paraffin separation. Cross-linking 
modifications of polyimides can be induced by several methods, such as 
ultraviolet (UV) and ion beam irradiations, chemical modification and thermal 
treatment. 
 
Kita et al. [47] studied the effects of photo cross-linking on the permeability 
and selectivity of BTDA-containing polyimides. They reported that 
considerable improvement in gas pair selectivity was achieved by increasing 
UV-irradiation time, but gas permeability was significantly reduced due to the 
densification of membrane structure and reduction of polymer chain mobility. 
Won et al. [48] and Hu et al. [49] investigated the effects of ion beam on 
surface modification of polyimide membranes. They concluded that ion beam 
irradiation could provide a useful mean for improving the selectivity for gas 
separation membranes. Despite the potential use of ion beam irradiation in 
enhancing gas separation pair permselectivity, the high cost and difficulty in 
implementing uniform irradiation on large sheets of flat membranes and 
hollow fibers limit the industrial application of this technique. 
 
Koros and his co-workers synthesized polyimide membranes containing 
carboxylic acid, which can be cross-linked by either a trans-esterification 
 28 
 
reaction or reaction with a metal ion [50-53]. Bickel and Koros [51] studied 
the chemical cross-linking between the free carboxylic acid group of 6FDA-
mPD/DABA and ethylene glycol. They found that the CO2/CH4 selectivity 
increased with the increment in the degree of cross-linking. Interestingly, the 
CO2 permeability did not significantly decrease because the ethylene glycol 
group not only created more free volume, but also reacted with the carboxylic 
acid group and inhibited the hydrogen bonding. Wind et al. [52] investigated a 
series of cross-linkable polyimides and found an increase in permeability; 
selectivity in several cases was enhanced. They also found that the amount of 
permeability enhancement depended on the chemical structure of the diol 
cross-linking agents and the specific annealing temperatures. It was shown 
that unlike other cross-linking modifications which typically decreased the 
permeability of the resultant polymeric membranes, cross-linking of 
carboxylic moieties added free volume to the polymer, allowing for higher 
CO2 permeabilities. It should be noted that trans-esterification occurs only at 
elevated temperatures (above 200 
o
C). The increase in the free volume may be 
due to the coupling of thermal annealing and the removal of pendant diol 
groups during the trans-esterification reaction.  
 
The aging phenomenon of these cross-linked membranes (thermally treated at 
140 
o
C) has been investigated by Kim et al. [53]. It was found that the 
polyimide membranes suffered more from physical aging after cross-linking 
than before cross-linking. This problem can be rectified by performing the 
cross-linking reaction at elevated temperatures. Nevertheless, the application 
of high temperature treatments to asymmetric membranes alters the membrane 
morphology and causes densification of the membrane structure. It should be 
noted that cross-linking of the bulk polyimide matrix reduces the polymer 
processability during membrane fabrication and increases the brittleness of the 
resultant membranes. Therefore, the preferred chemical cross-linking method 
should have the following characteristics: (1) it can be performed at room 
temperature, and (2) it functionalizes only the thin selective layer of 
asymmetric membrane which reduces substructure resistance and brittleness of 




Another chemical modification method has been proposed to overcome the 
difficulties of post-treatment processes. Chung and his co-workers contributed 
a number of works related to the use of diamines and multi-amines to cross-
link polyimides [12, 41, 46, 54-56]. Liu et al. and Cao et al. used p-
xylenediamine as a cross-linking agent to modify different polyimide hollow 
fiber membranes at ambient temperature [54, 55]. It is proven that the 
chemically modified membrane does not plasticize easily since the cross-
linked structure prevents the material from swelling in the presence of 
plasticizing agents. Generally, increasing the immersion time increases the 
degree of cross-linking, which significantly reduces polymer swelling and 





be achieved. Compared to the ethylene glycol approach, the diamine and 
multi-amine approaches are more advantageous, especially for the 
modification of hollow fibers because of easy operation and localizing 
chemical modification at the outer selective skin without damaging the entire 
membrane substructure.  
 
Shao et al [46] employed different generations of diaminobutane (DAB) 
dendrimers as cross-linking agent for 6FDA-Durene polyimide membranes to 
induce chemical cross-linking reactions at room temperature. They reported 
that membrane selectivity increased, but the permeability decreased. Xiao et 
al. [41] modified 6FDA based polyimide by using different generation of 
polyamidoamine (PAMAM) dendrimers. In their study, they concluded that 
the modification time and the type of dendrimer are the determinant factors for 
the ultimate performance of the membrane. The ideal selectivity of He/N2 
increased to about 200% as compared to the original polyimide film and the 
CO2/CH4 selectivity also predicted to surpass the Robson Upper Bound via 
this modification. Compared with the simulated results, the morphology and 
conformation of the grafted PAMAM dendrimers on the polymer surfaces are 
disk-shaped molecular clusters which were further proven by AFM. In fact, 
immersion time and different dendrimer generation are two important factors 
in determining the characteristics of modified polyimide films. A longer 
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immersion time yields higher dendrimer loading and equilibrium may be 
reached after modifying for at least 24 hours. Due to their big molecular size, 
the cross-linking modification is believed to occur mainly on the membrane 
surface. The modified polyimide films also exhibited better gas separation 




because of the affinity between 
PAMAM dendrimer and CO
2
. In another study by Xiao et al. [56] 6FDA-
Durene polyimide containing internal acetylene units was thermally cross-
linked. They reported that increasing amounts of cross-linking sites led to a 
decrease in chain mobility and an increment in gas selectivity. However, gas 
permeability decreased after thermal cross-linking and went lower with 
increased molar ratio of cross-linking sites.  
 





permselectivity, the long term operational stability of the membranes 
remains unclear. One drawback of this approach is the reversible reaction 
between the amino-compounds and the imide groups at high temperatures. 




separation at relatively mild operating temperatures. In addition, since the 
amidation reaction is carried out at room temperature, the reaction may be 
incomplete, which result in time-dependent gas separation performance of the 
resultant membranes. 
 
Koros and his co-workers [57] examined thermal treatment of the 6FDA-
DAM: DABA (3:2) co-polyimide membranes. In this work, the thermal cross-
linking of 6FDA based co-polyimides at temperatures much below the glass 
transition temperature (~387 ºC by DSC) was demonstrated. In their study, 
they reported that annealing temperature and time influenced the degree of 
cross-linking of the membranes, and resulted in a slight difference in 
selectivity for membranes under various cross-linking conditions. They found 
that sub-Tg thermal cross-linking of this 6FDA based co-polyimide membrane 
could be carried out completely even at a temperature as low as 330 ºC. 
Interestingly, the selectivity of the cross-linked membrane maintained even 
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under very aggressive CO2 operating conditions that are not possible without 
cross-linking. 
 
It is obvious from this summary that different cross-linking mechanisms 
produce different effects on a given membrane system. Choosing the method 
appropriate for one’s research can be difficult, but a detailed review of the 
literature, along with good knowledge of the application of the cross-linked 
membrane, will narrow the cross-linking method and polymer selection 
significantly. The first purpose of this study was to investigate the effect of 
thermal cross-linking of modified 6FDA-based co-polyimide membranes on 
CO2/CH4 and C3H6/C3H8 separation for both flat sheet and hollow fiber 
membranes. 
 
2.2 Mixed Matrix Membranes for Gas Separation 
Previous section has focused on investigating polymeric membranes for the 
gas separation application. According to the Robeson tradeoff between the 
permeability (productivity) and selectivity (efficiency) of typical polymeric 
membranes [58], new types of materials appeared to be needed to maximize 
both membrane permeability and selectivity.  
 
To overcome material bottlenecks, mixed matrix membranes (MMMs) 
consisting of easy processing polymers and non-polymeric materials were 
proposed. Early works focused on the incorporation of traditional materials 
such as zeolites [59-63], silica and its derivatives [64-68], carbon [69, 70] and 
MgO [13, 71] while the recent works on the use of POSS [72], carbon aerogel 
[73] and Zeolitic imidazolate frameworks [74-79] to surpass the 
permeability/selectivity trade-off line. However, challenging issues have been 
encountered [61, 78]. One of them is the poor compatibility between the rigid 
particles and the matrix polymers. As a result, poor particle adhesion and 
phase separation are critical issues which significantly limit MMMs 
applications. To enhance MMMs’ compatibility and permeability, Zeolitic 
imidazolate frameworks (ZIFs) have received global attention recently. ZIFs 
are a sub-class of metal organic frameworks (MOFs) with superior thermal 
and chemical stability. Comparing to other molecular sieves, the ZIF family is 
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inherently more compatible with glassy polymers, especially its nano-particle 
size and organic components [79]. The structure of ZIFs comprises a transition 
metal (e.g. Zn, Co) cations bridged by anionic imidazolate linkers. The pore 
size of ZIFs can be varied by changing the anionic imidazolate linker [79-82]. 
Furthermore, the imidazolate linkers present in metal organic frameworks 
make ZIFs more hydrophobic than aluminosilicate zeolite, which may imply 
better interfacial interactions between the sieve and the polymer matrix. ZIF-8 
(Zn (2-methylimidazole) 2) is one of the most extensively studied ZIFs [74, 77, 
83-90]. It has a sodalite structure consisting of Zn (II) metal centers and 2-
methyl imidazole. Its six-ring cages possess a pore cavity of 11.6 Ǻ and a 
theoretical pore aperture of 3.4 Ǻ.  The small pore size of 3.4 Ǻ offers 
molecular sieving characteristics that would enhance the separation of small 
molecules from larger molecules (e.g., CO2 from CH4) while the larger 
internal cavities of 11.6 Ǻ allow rapid diffusion, even in the presence of larger 
molecules which might otherwise create blockages and inhibit permeation 
[79,80]. The framework of ZIF-8 has been found flexible to enable the 
adsorption of molecules with sizes larger than 3.4 ˚A [88].  
 
Ordoňez et al. [75] studied the Matrimid®/ZIF-8 MMMs for gas separation. 
They found that the separation performance was significantly enhanced with 
an increase in ZIF-8 loading up to 40 wt%. Song et al. [74] employed ZIF-
8/Matrimid MMMs for CO2/CH4 separation by incorporating as-synthesized 
ZIF-8 (size ~60 nm and specific surface area ~1300–1600 m2 g-1) into 
Matrimid via solution mixing. The permeability increased by three times with 
a 30 wt% ZIF-8 loading while the selectivity showed negligible losses. Li et 
al. [83], Lai and his coworkers [91, 92] reported that ZIF-8 has very high 
selectivity for C2/C3 and propylene/propane separation; hence MMMs 
comprising ZIF-8 may be promising for olefin and paraffin separation. 
Recently, Zhang et al. [93] observed that the permeability and selectivity of 
ZIF-8/6FDA-DAM MMMs improved 250% and 150%, respectively, for 
propylene/propane separation with a 48 wt% ZIF-8 loading.  
 
While the “upper-bound” curve has been surpassed using mixed matrix 
membranes in some cases [54, 94, 95], there are still many aspects of this new 
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technology that are not well understood. Controlling matrix phase swelling is a 
paramount requirement for heavily interacting feeds containing strongly 
sorbing components, such as CO2. The cross-linkable mixed matrix membrane 
concept represents a novel technology that promises both increased efficiency 
and plasticization resistance for natural gas purification and olefin/paraffin 
separation in comparison to traditional polymer membranes. Recently, Ward 
and Koros [96] embedded a surface modified zeolite (SSZ-13) molecular sieve 
into a cross-linkable polyimide for natural gas purification. The surface 
modified SSZ-13 not only provided high selectivity and permeability but also 
exhibited surface compatibility with the cross-linkable polyimide. As a 
consequence, their thermally cross-linked dense-flat MMMs showed 
enhancements in both permeability and selectivity. However, the size of their 
particles was around 500 nm that was too big and may effect on the gas 
separation performance of the membrane. The second purpose of this study 
was to investigate the effect of ZIF-8 nano-particle (80 nm) loading in thermal 
cross-linkable 6FDA-based co-polyimide mixed matrix membranes on 
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Chapter 3:  Materials and Methodology 
In this chapter, the materials that were studied, the membrane fabrication 
techniques, characterization techniques, and the equipment used to 
characterize these materials will be detailed. The specific materials selected 
for this work are described in Section 3.1. Membrane formation techniques are 
described in section 3.2 and material characterization techniques and 




3.1.1.1 6FDA-Durene polyimide and 6FDA-Durene/DABA co-polyimide  
The polymers selected for this work was a 6FDA-Durene polyimide and 
6FDA-Durene/DABA cross-linkable co-polyimide. Figure 3.1 shows the 
chemical structure of the monomers that was used in this study. 4,4'-
(hexafluoroisopropylidene) diphthalic anhydride (6FDA), supplied by 
Clariant, and 3,5-diaminobenzoic acid (DABA) supplied by Aldrich 
(Singapore) were purified by vacuum sublimation before usage. 2,3,5,6-
Tetramethyl-1,4-phenylenediamine (Durene diamine) supplied by Aldrich 
(Singapore), was recrystallized two times from methanol. 1-methyl-2-
pyrrolidone (NMP) purchased from Merck Chemicals (Germany), was 
distilled at 42 °C under 1 mbar and was dried with molecular sieve before use. 
Acetic anhydride was received from Aldrich (Singapore) and dried with 
molecular sieve before usage. Other chemicals and solvents including 
triethylamine, methanol, and p-toluenesulfonic acid were all reagent grades or 
better from Aldrich (Singapore) and were used without further purification. 
 
The 6FDA-Durene polyimide, 6FDA-Durene/DABA (9/1) co-polyimide, and 
6FDA-Durene/DABA (7/3) co-polyimide were synthesized via a two-step 
chemical imidization in an NMP solution. For the preparation of polyamic 
acid, a designated molar ratio of Durene and DABA diamine was dissolved in 
NMP under a nitrogen atmosphere and then an equimolar of solid 6FDA was 
gradually added to the solution in a moisture free flask with a magnetic 
stirring under a nitrogen atmosphere at room temperature. The reason of 
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adding solid 6FDA gradually is to suppress the reaction between water and 
6FDA. Aromatic dianhydrides can react with water and other impurities in the 
amide solvents, but have a slower reaction rate relative to their reacting with 
diamines. Therefore, gradually adding the solid 6FDA reduces its availability 
for competing reactions with water or other impurities, thus leads to a higher 
conversion and molecular weight [1]. After reacted for 24 h, a high molecular 
weight polyamic acid was formed. Then for the chemical imidization step, a 
mixture of acetic anhydride and triethylamine at 4:1 molar ratio was slowly 
added to the polyamic acid solution to perform imidization for 24 h under 
nitrogen atmosphere. Finally, the co-polyimide was precipitated in methanol, 
filtered, washed and dried at 120 °C in vacuum for 24 h. The schemes of co-
polyimide synthesis and chemical structure of this co-polyimide are shown in 
Figure 3.1. 
 
3.1.1.2 6FDA-Durene/DABA (9/1) co-polyimide grafted with Cyclodextrin 
In this work, three Cyclodextrins (CDs) were grafted on the 6FDA-
Durene/DABA (9/1) co-polyimide by esterification [2]. The three CDs, 
namely, α-, β-, and γ-CD, formed by six to eight glucopyranoside units, were 
all reagent grade or better from Aldrich (Singapore) and were used without 
further purification. Their chemical structure and basic properties have been 
presented in Figure 3.2 and Table 3.1 [3]. For this purpose, co-polyimide and 
α, β, and γ-CD were first dried at 120 °C in vacuum for 12 h. After that co-
polyimide was dissolved in NMP and then a large excess amount of CD (3-5 
times more than stoichiometric balance to the carboxylic acid group) was 
added to the NMP solution. The esterification was carried out by adding a 
catalytic amount (5 mg per gram of polymer) of p-toluenesulfonic acid and 
heating to 120 °C under nitrogen atmosphere for 18 h. Finally, the resultant 
co-polyimide grafted with α, β, or γ-CD (referred as PI-g-α-CD, PI-g-β-CD, or 
PI-g-γ-CD) was precipitated in methanol, washed to remove unreacted CD and 
dried under 120 °C in vacuum for 24 h. The chemical structure of co-















Table ‎3.1: Properties of the three types of Cyclodextrin 















α-CD 6 972 4.7-5.7 7.8 321±1 
β-CD 7 1135 6.0-7.8 7.8 328±1 
γ-CD 8 1297 7.5-9.5 7.8 322±1 
a
 Td (5%), at which the mass of the sample is 5.0% less than its mass measured at 50 °C. 
 
3.1.2 Zeolitic imidazolate frameworks (ZIFs) nanoparticle synthesis 
The nanoparticle used in this work to make mixed matrix membranes was 
zeolitic imidazolate framework-8 (ZIF-8). The dispersed ZIF-8 nanoparticles 
were synthesized at room temperature. In summary, a solution of 
Zn(NO3)2·6H2O (7.332 g, 24.67 mmol) in 500 ml methanol was rapidly 
poured into a solution of Hmim (16.222 g, 197.6 mmol) in 500 ml methanol 
under stirring with a magnetic bar. The resultant solution slowly turned turbid 
and after 1 h the nano-crystals were separated from the milky dispersion by 
centrifugation and washing with fresh methanol. After washing and the 2nd 
centrifugation, the particles were re-dispersed in fresh NMP before use. The 
yield of ZIF-8 was ~ 50% based on Zinc [4]. 
 
3.1.3 Gases 
All pure gases and gas mixtures used throughout this research (i.e., CO2, CH4, 
C3H6, and C3H8) were research grade (99.999%) and supplied by SOXAL 
(Singapore).  
 
3.2 Membrane formation 
3.2.1 Dense flat sheet film formation 
While asymmetric hollow fiber membranes are the industrially preferred 
membrane geometry, dense film membranes are much simpler to prepare and 
characterize when developing new technology. As such, dense film polymer 
membranes were exclusively investigated over the course of this work. Dense 
films were prepared using the solution casting method. Prior to use, the 
original co-polyimide (PI) and PI-g-CDs were dried overnight at 120 °C under 
vacuum. A 2 % (w/w) polymer solution was prepared by dissolving the 
original PI and PI-g-CDs together in NMP with a weight ratio of 1:1. The 
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polymer solution was magnetically stirred overnight and filtered using a 
Whatman’s filter (1 μm) to remove dust and insoluble particles before it was 
cast onto a silicon wafer covered with a steel ring. The polymer casting 
solution was heated at 40 °C for 12 h and vacuum heated at 70 °C for 24 h, 
respectively. Then, the dense films were formed and pealed off from the 
silicon wafer and placed in a vacuum oven to be further vacuum heated at 200 
°C for 24 h in purpose of removing a trace amount of residual solvent. The 
absence of residual solvent was confirmed by the TGA. Finally, films with a 
thickness of 50 ± 10 µm were prepared for testing and characterization in the 
following studies. 
 
3.2.1.1 Thermal cross-linking of dense flat sheet membranes 
The thermal treatment was performed using a Centurion
TM
 Neytech Qex 
vacuum furnace (Yucaipa, CA, USA). The films were heated under vacuum 
from room temperature to specific temperatures such as 300, 350, 400, and 
425 °C. The heating rate was 10 °C/min and the films were held for 120 min at 
the final temperatures. After completing the thermal treatment process, the 
membranes were cooled naturally in the vacuum furnace to room temperature 
and used for permeation tests. All thermal treated membranes were flexible 
and mechanically strong enough for gas permeation tests. For sample 
classification, the treated samples at 200 and 300 °C were named as 
‘polyimide-grafted-α, β, or γ-CD-final treated temperature’, for example “PI-
g-α-CD-300” and from 350 to 425 °C were named as ‘partially pyrolyzed 
membrane-α, β, or γ-CD-final treated temperature’, for example”PPM-γ-CD-
400”. 
 
3.2.2 Fabrication of dual layer hollow fiber membranes  
In this study, dual-layer hollow fiber membranes consisting of 6FDA-Durene 
as an inner layer and 6FDA-Durene/DABA (9/1) grafted with β-Cyclodextrin 
(PI-g-β-CD) as an outer layer were prepared. The chemical structures of these 





Figure ‎3.3: Chemical structure of a) 6FDA-Durene and b) 6FDA-Durene / 
DABA (9/1) grafted with β-Cyclodextrin 
 
3.2.2.1 Inner layer and outer layer dope Preparation 
A binary PI-g-β-CD/NMP system and a 6FDA-Durene/NMP system were 
selected for the outer layer and inner layer dopes, respectively. To determine 
the critical concentrations of both dopes, solutions with different polymer 
concentrations were prepared and their shear viscosity was obtained from a 
cone and plate rheometer (Rheometric Scientific ARES) using a shear rate of 
10s
-1
 at 25 °C. Figure 3.4 shows the relationship between the shear viscosity 
and polymer concentration for both dopes. Based on the critical 
concentrations, the polymer compositions in the outer layer and inner layer 
dopes were chosen as 24 wt% PI-g-β-CD and 21 wt% 6FDA-Durene in NMP, 
respectively. The outer layer dope has a polymer concentration higher than the 
critical concentration of about 22.5 wt% to ensure the minimization of defects, 
while the inner layer has a polymer concentration slightly lower than the 
critical concentration of about 21.5wt% to ensure a low substructure 
resistance.  For preparation of dope solutions, the respective polymer was 
added gradually to the solvent under continuous agitation. The solutions were 
stirred at 25 °C for 24 h to ensure complete dissolution and left standing for 
another 24 h for degassing before pouring into the respective ISCO pumps. 
Because of the high dope viscosity, spinning was performed on the following 






Figure ‎3.4: Shear viscosity vs. polymer concentration for inner and outer 
layer dopes at 25 °C 
 
3.2.2.2 Spinning conditions and solvent exchange 
The PI-g-β-CD/6FDA-Durene dual-layer hollow fiber membranes were 
fabricated by a dry-jet/wet spinning process via co-extrusion of polymeric 
dopes by a triple-orifice spinneret. The experimental set-up and procedure 
have been described in our previous reports [5-7]. All the spinning conditions 
except for the take-up velocity and outer-layer dope flow rate were kept 
constant. Both the outer-layer dope flow rate and take-up velocity were varied 
to obtain optimal spinning conditions for the fabrication of dual-layer hollow 
fiber membranes, while the bore fluid composition was NMP/water (i.e., 95/5 
wt %) to ensure a fully porous inner layer. The maximum take-up velocity was 
11.8 m/min because the spinning process became unstable at a higher take-up 
velocity and filament broke up. During the spinning, the inner layer and bore 
fluid flow rate were kept unchanged at 1.5 and 0.8 ml/min, respectively. The 
spinning experiments were carried out at ambient temperature. Table 3.2 
summarizes the spinning and conditions Figure 3.5 shows the schematics of 
the dual-layer spinneret used in this study.   
 
The as-spun fibers were immersed in tap water for three days to remove most 
of the solvent from membranes. The fibers were then solvent exchanged with 
the following procedure. (1) Immersed in fresh methanol three times, 30 min 
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each time, (2) washed in n-hexane three times, 30 min each time, and (3) air 
dry at ambient temperature for 24 h [8]. 
 
Table ‎3.2: Spinning conditions for dual layer PI-g-β-CD/6FDA-Durene 
hollow fiber membranes 
Parameters 
Condition 
A B C D E 
Take up velocity (m/min) 4.0 (Free fall) 7.4 11.8 7.4 7.4 
Outer Layer Dope extrusion rate (ml/min) 0.5 0.5 0.5 0.3 0.2 
Inner Layer Dope extrusion rate (ml/min) 1.5 
Inner Layer Dope Composition 6FDA-Durene/NMP (24/76 wt %) 
Outer Layer Dope Composition PI-g-β-CD/NMP (21/79 wt %) 
Bore fluid NMP/DI water (95/5 wt %) 
External Coagulant Tap water 
External Coagulant Temperature (°C) 25 
Air Gap (cm) 2.5 
Bore fluid flow rate (ml/min) 0.8 
 
 
Figure ‎3.5: (a) Side view and (b) cross-sectional view of the dual-layer 
hollow fiber spinneret [8] 
 
3.2.2.3 Post treatment of the hollow fiber membranes 
The precursor hollow fibers were subjected to thermal treatment and silicon 
rubber coating modifications. Thermal treatment was carried out with a 
controlled thermal treatment protocol as follows: (1) heating at 10 °C/min to 
the final temperature, (2) isothermal soaking at the final temperature for a 
given period of time (1 h), (3) cooled naturally to room temperature. For the 
coating of the hollow fibers, a 3 % (w/w) of silicone rubber in a n-hexane 




3.2.3 Preparation of dense flat sheet mixed matrix membrane 
Dense mixed matrix membranes were prepared using the solution casting 
method. Prior to use, all the polymers were dried overnight at 120 °C under 
vacuum and dissolved in NMP by stirring it for 24 h at room temperature. A 2 
% (w/w) polymer solution was filtered using a Whatman’s filter (1 μm) to 
remove dust and insoluble particles. The ZIF-8/NMP suspension was stirred 
and sonicated alternatively for 30 min for three times each, and then added 
into the polymer/NMP solution followed by thoroughly stirring. The solution 
was cast onto a silicon wafer covered with a steel ring. The polymer casting 
solution was heated at 40 °C in a vacuum oven for 12 h and the temperature 
was further raised to 70 °C for 24 h. Then, the dense films were formed and 
pealed off from the silicon wafer and placed into the vacuum oven to be 
further vacuum heated at 200 °C for 24 h to remove any residual solvents. The 
resultant membranes have a thickness of 50±10 µm. The ZIF-8 loading in the 
membrane was calculated based on Equation 1. The actual particle weight in 
the membrane was calculated from the residue weight of zinc oxide according 
to the stoichiometric relationship. The weight of zinc oxide was obtained by 
combusting the membrane in a thermo gravimetric analysis (TGA) instrument 
under air atmosphere. 
Particle weight
Particle loading wt% =   100            (3-1) 
Particle weight + Polymer weight

 
3.2.3.1 Thermal cross-linking of mixed matrix membranes 
The thermal treatment was performed using a Centurion
TM
 Neytech Qex 
vacuum furnace (Yucaipa, CA, USA). The films were heated under vacuum 
from room temperature to a specific temperature, such as 350 °C or 400 °C. 
The heating rate was 10 °C/min and the films were held for 120 min at the 
final temperature. After completing the thermal treatment process, the 
membranes were cooled naturally in the vacuum furnace to room temperature 
and used for permeation tests. All thermal treated membranes were flexible 




3.3 Physicochemical characterization 
3.3.1 Fourier transform infrared spectrometer (FT-IR) 
Fourier Transform Infrared Spectroscopy (FT-IR) was applied to investigate 
the evolution of chemical structure changes. The FTIR measurements were 
performed using an attenuated total reflection mode (FTIR-ATR) with a 
Perkin-Elmer Spectrum 2000 FTIR spectrometer (Cambridge, MA, USA). 
 
3.3.2 Thermo gravimetric analyses (TGA) 
A TGA 2050 Thermo gravimetric Analyzer (TA Instruments, New Castle, 
Delaware, USA) was employed to characterize the weight loss of the 
polyimide. The analysis was carried out with a heating ramp of 10 °C/min 
from room temperature to 800 °C in a nitrogen atmosphere, using ~10 mg 
sample. 
 
3.3.3 Differential scanning calorimetry (DSC) 
A differential scanning calorimeter DSC 822
e
 (Mettler Toledo, Singapore) was 
used to monitor the thermal properties of polymers and measure their glass 
transition temperatures (Tg). For this purpose, testing samples were heated to 
450 °C at a heating rate of 30 °C/min in nitrogen environments during the first 
heating, quenched at a rate of 30 °C/min, and reheated at 30 °C/min. All Tg 
were measured at the second heating cycle. 
 
3.3.4 Density measurement 
Density was measured according to the Archimedean principle using a Mettler 
Toledo balance (Singapore) with a density kit. At least three density measures 
were recorded for each membrane film. Then, the fractional free volume 
(FFV) is calculated by the following equation [9]: FFV= (V-V0)/V, where V is 
the observed specific volume calculated from the measured density and V0 is 
the occupied volume calculated from the correlation, V0 = 1.3Vw where Vw is 
the Van der Waals volume. Vw is calculated from the group contribution 




3.3.5 Wide angle x-ray diffraction (WAXD) 
A Brukel wide-angle X-ray diffractometer (Bruker D8 advanced 
diffractometer) was employed to determine the d-space value that indicates the 
average inter-segmental distance of polymer chains. The measurement was 
completed with a step increment of 0.02° and Ni-filtered Cu-Kα radiation at a 
wavelength λ = 1.54 Å was used. The d-space was determined based on the 
Bragg’s law [9] as follows: nλ=2d sinθ, where d, θ, and λ  are the dimension 
spacing, diffraction angle,  and X-ray wavelength, respectively, and n is an 
integral number (1, 2, 3,. . .). 
 
3.3.6 Gel permeation chromatography (GPC) 
Gel permeation chromatography (GPC) was used to measure the molecular 
weights of the co-polyimides. GPC measurements were carried out on an HP 
1100 HPLC system equipped with the HP 1047A RI detector and the Agilent 
79911GP-MXC columns. Tetrahydrofuran (THF) was used as the solvent, 
with a controlled flow rate of 1.0 ml/min. The column was calibrated using a 
standard polystyrene sample and testing sample was 0.005 wt%. The 
molecular weights were estimated by comparing the retention times in the 
column to those of standard polystyrene. 
 
3.3.7 Field emission scanning electron microscopy (FESEM) 
To observe the cross-sectional morphology of the membranes, the samples 
were immersed and fractured in liquid nitrogen. The fractured samples were 
coated using a JEOL JFC-1300 Auto Fine Coater fitted with Pt target (i.e., 20 
mA and 40 s). The morphology of the membrane was observed using field 
emission scanning electron microscopy (FESEM JEOL JSM-6700LV). The 
detailed sample preparation procedures can be found elsewhere [5]. The 
FESEM samples were also used to measure their surface or cross-section 
elemental content by Oxford Inca energy dispersion of X-ray (EDX, Oxford 
Instruments Inca, Edinburg, UK). The mapping and line-scan modes were 




3.3.8 Positron annihilation lifetime spectroscopy (PALS) 
The assembly for bulk PALS tests is illustrated in the bottom right of Figure 
3.6 where 
22
Na isotope sealed in Kapton® films was used as the source of 
positrons and sandwiched by membrane samples. The flat-sheet membrane 
samples were cut into circle pieces with the dimension of 1 cm. The thickness 
of the membrane on each side of the source is about 0.5 mm. Positron lifetime 
was measured as the time difference between the 1.27 MeV γ-quanta (start 
signal) and the 511 keV γ-quanta (stop signal) generated by the annihilation of 
positronium.  
 
Figure ‎3.6: Schematic diagram of the bulk PALS system and the inset 
indicates the sample packing structure. 
 
In this experiment all PALS spectra were recorded with a counting rate of 
around 200 counts per second, and a total count of 10
6
 was fixed to collect 
each spectrum. Positron lifetimes and their intensities were analyzed by a 
computer program PATFIT from PALS spectra. The o-Ps lifetime 3 (ns) was 
used to calculate the mean free-volume radius R (Å to nm) based on an 
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where τ3 and R are expressed in the units of ns and Å, respectively, and ∆R 
was determined to be 1.656 Å. The intensity I3 is directly related to the amount 
of free volume in the membrane since the quantity of o-Ps annihilation with 
electrons in micro-cavities may correlate to the free volume. 
 
3.4 Determination of gas transport properties  
3.4.1 Pure gas sorption test 
Gas sorption tests were conducted using a Cahn D200 microbalance sorption 
cell at 35 °C over a pressure range of 0-30 atm for CO2 and CH4 and 0-7 atm 
for C3H6 and C3H8. Figure 3.7 depicts the schematic diagram of the pure gas 
sorption testing apparatus for the membranes [12].  
. 
Figure ‎3.7: Schematic diagram of the microbalance sorption cell 
 
For each run, films with a thickness of around 50 ± 10 µm, and total mass of 
approximately 70-80 mg were cut into small pieces and placed on the sample 
pan. The system was evacuated for 24 h prior to testing. The gas at a specific 
pressure was fed into the system. The mass of gas sorbed by the membranes 
was recorded at equilibrium state. Subsequent sorption experiments were 
employed by further increasing the gas pressure. The equilibrium sorption 
Sample Tube  Reference Tube  
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value obtained was corrected by the buoyancy force as shown in Eq. (3-3) and 
(3-4), where WP and WSP are the balance readings with and without polymer 
sample, respectively.  
Gas Dissolved= WP - WSP+ Buoyancy                                                      (3-3) 
Buoyancy= Volume of Polymer (cm
3
) × Gas Density (g/cm
3
)× g            (3-4) 
 
3.4.2 Pure gas permeation test 
3.4.2.1 Dense flat sheet membranes 
The pure gas permeation properties of the membranes were evaluated by a 
variable-pressure constant-volume method at 35 °C and 10 atm for O2, N2, 
CH4, and CO2 and 3.5 atm for C3H8, and C3H6, by sequence. Figure 3.8 
reveals the general setup of the permeation cell. The feed side of the cell 
comprised a controlling valve, a pressure gauge and a gas reservoir with a 
volume of 1000 cm
3
 to prevent or minimize any large fluctuations of gas 
pressure during the experiments. The permeation cell was calibrated and the 
volumes of the downstream compartments were calculated using standard 
polycarbonate membrane and its published permeability data. Calibration was 
also performed from time to time to ensure the accuracy of the data obtained. 
The experimental temperature is controlled with a built-in temperature 
controller system. The experimental temperature could be controlled since the 
permeation cell was thermostatic. The film of dense membrane was mounted 
onto the permeation cell and vacuumed at 35 °C for more than 12 h before the 
gas permeation test was carried out. The thickness of the membrane was 
measured using a digital film measurement tool and the error is ±1 
micrometer. The slope of downstream pressure vs. time (dp/dt) at the steady 
state condition was used for the calculation of gas permeability with 
accordance to the below equation:  
 10273.15 10 /
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), T is the operating temperature (K) and p2 is the upstream 
operating pressure (psia).  
 
The permeability of each gas was obtained from the average value of at least 3 
tests with a deviation of smaller than 1%. The ideal selectivity is defined as 
follows: αA/B=PA/PB, where PA and PB are the permeability of gases A and B, 
respectively.  
 
Figure ‎3.8: Schematic diagram of the dense film gas permeation testing cell 
 
3.4.2.2 Hollow fiber membranes 
The gas separation performance of the hollow fiber membranes is determined 
using the tube permeation setup as depicted in Figure 3.9 [13]. Each 
membrane module was composed of 10 fibers with an effective length of 
about 15 cm per fiber. In each spinning condition, three modules were tested 
at room temperature. The gas was tested in the order of CH4 (200 psi), CO2 
(200 psi), C3H8 (50 psi), and C3H6 (50 psi) at ambient temperature. The 
detailed module preparation and pure gas permeation test procedures have 
been described elsewhere [14]. The gas permeance and ideal gas pair 
selectivity of dual-layer hollow fiber membrane were calculated with 
accordance to the following equations: 
6 6273.15 10 273.15 10
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.s.cmHg), T is the operating temperature (K), Q is the pure 
gas rate (cm
3
/s), ΔP is the gas pressure difference across the dual-layer hollow 
fiber membrane (cm
 
Hg), n is the total number of fibers in one testing module, 
D is the outer diameter of the testing fiber (cm), and l refer to the effective 
length of the testing fiber (cm). (P/L)A and (P/L)B are the pure gas permeance 
of gasses A and B, respectively. 
 
Figure ‎3.9: Schematic diagram of pure gas permeance test apparatus for 
hollow fibers [13] 
 
The apparent dense-selective layer thickness (apparent skin thickness) was 
calculated according to the following equation: 
 
310








where L is the apparent dense-selective layer thickness (nm), and P is the gas 











3.4.3 Mixed gas permeation test 
3.4.3.1 Dense flat sheet membrane 
Binary CO2/CH4 (1:1) gas permeation tests were obtained by a modified 
constant volume permeation system in which an addition valve at the upstream 
segment (C5) is included to adjust the stage cut (5%) and another valve in the 
downstream port (C6) is installed to introduce the accumulated permeate gas 
to an Agilent 7890 gas chromatography (GC) for the analysis of gas 
composition. The mixed gas permeation cell is shown in Figure. 3.10. For easy 
comparison with pure gas tests, the testing pressure of mixed gas CO2/CH4 
permeation tests is 20 atm. 
 
Figure ‎3.10: Schematic diagram of a mixed gas permeation cell for flat sheet 
membranes 
 
The permeability (P) of CO2 and CH4 for each membrane was determined 
using the following equations: 
10273.15 10 2                    (3-9)
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where PCO2 and PCH4 are the CO2 and CH4 permeability, respectively, p0 is the 
upstream feed gas pressure (psia), p is the downstream permeate gas pressure 
(psia), V is the volume of the downstream chamber (cm
3
), l is the film 
thickness (cm) and X and Y denote the gas molar fraction (%) in the feed and 
the permeate stream, respectively. The separation factor for mixed gas tests is 
determined from the Eq. (3-11), which represents the ratio of mole fraction 
ratios of CO2 and CH4 in the downstream to the upstream. 
2 2 4= =                                                 (3-11)
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3.4.3.2 Hollow fiber membranes 
In the CO2/CH4 mixed gas tests, the gas permeances of the hollow fibers were 
measured using a modified variable-pressure constant volume gas permeation 
cell. The compositions of the permeate and retentate were analyzed with a gas 
chromatograph (Hewlett Packard (HP) 6890 Series GC) using a Carboxen 
1010 column and a thermal conductivity detector (TCD), while their flow rates 
were measured by a digital bubble flow meter. The testing procedure is a 
standard one in our lab. First, the feed pressure was set at 50 psi, and the fibers 
have been conditioned for 1.5 hours; at the desired pressure, the conditioning 
time is at least 30 minutes. In each pressure, the flow rate of both permeate 
and retentate were first determined and adjusted by the bubble flow meter, 
thus achieving a stage cut around 5%. Thereafter, the permeate or the retentate 
will be connected to the GC for sampling of 15 minutes with the gas mixture 
being carried to the GC system by the inert gas Helium. Subsequently, the 
composition of the mixture was determined by calculating the peak area for 
each gas that was eluted out from the column at different retention time. 
Finally, the composition of gas from the cylinder will also be tested by GC. 
[8]. The hollow fibers were made into modules by using 1/4 in. standard steel 
union tees supplied by Swagelok. Each module consisted of one fiber with an 
effective length of approximately 10 cm. Two modules were tested under the 
same condition and the averages were taken for calculation. A binary 
CO2/CH4 (1:1) mixture with a pressure of 20 atm was employed as the 
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Chapter 4:  Cross-linkable 6FDA-Durene/DABA co-polyimides 
grafted with Cyclodextrins 
4.1 Introduction 
Aromatic polyimides, especially the ones containing 4,4'-
(hexafluoroisopropylidene) diphthalic anhydride (6FDA) moiety, have shown 
good mechanical and thermal properties, high gas permeability as well as good 
permselectivity. It has been found that the - (CF3) - group restricts the 
torsional motion of phenyl rings and chain packing in 6FDA dianhydrides so 
that both permeability and permselectivity may be improved simultaneously 
[1-3]. Many 6FDA-based polyimides exhibit good separation performance for 
CO2/CH4 and C3H6/C3H8 gas pairs [1-8]. However, similar to other polymers, 
6FDA polyimides still face two major challenges. First, there is a limitation in 
achieving the desired performance of a high permeability combined with a 
high permselectivity. There is a trade-off relation between permeability and 
permselectivity for most gas pairs [9]. Secondly, the separation performance 
of 6FDA polyimides generally degrades when separating highly soluble gases 
such as CO2 or hydrocarbons at relatively high pressures. This phenomenon is 
referred as plasticization [7-12]. In the occurrence of plasticization, the 
penetrant species such as CO2 swell up the polymer matrix, facilitate 
segmental motions, and accelerates diffusion processes of all gas species [12-
14]. The gas pair selectivity is therefore reduced and the ideal selectivity 
measured by means of pure gas tests can no longer be used to estimate the 
mixed gas membrane performance [15]. 
 
Cross-linking has been advised as a tactic to improve the membrane 
performance by decreasing plasticization effects, improving the 
permselectivity, as well as improving the thermal and chemical stability of the 
membranes [4, 8, 10, 16-21]. Since cross-linking normally causes a severe 
decrease in polymer permeability by reducing FFV and chain flexibility, 
investigations have been carried out to design high free volume polyimides to 
alleviate the decrease in permeability. One of the methods to prepare high free 
volume membrane is the decomposition of labile components in block or graft 
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co-polymers as low k materials used in semi-conductor industries [21, 22]. 
Recently in our group [8], β-Cyclodextrin (β-CD), a thermal labile molecule 
with a large molecular size [23], has been grafted on a polyimide. After 
thermal treatment, the thermal labile molecules decomposed and formed free 
volumes in the polymer matrix and the resultant membrane showed extremely 
enhanced permeability. In addition, carboxylic groups of the polyimide 
backbone underwent cross-linking reactions at high temperatures, tightened d-
space, and increased the gas selectivity and plasticization resistance. In 
addition, the free volume radius (mean cavity radius) of β-CD grafted co-
polyimides after heat treatment at 425 °C was around 3.8 Å (cavity diameter is 
around 7.6 Å) which is higher than CO2, CH4, C3H6, and C3H8 kinetic 
diameters. Since the kinetic diameters of CO2, CH4, C3H6, and C3H8 are 3.3 Å, 
3.8 Å, 4.5 Å, and 4.3 Å respectively, better selectivity for CO2/CH4 and 
C3H6/C3H8 separation may be achievable if one can manipulate the free 
volume radius and increase the total free volume by changing the Cyclodextrin 
size and optimizing the heat-treatment conditions.  
 
In this chapter, three Cyclodextrins (CDs) were grafted on the 6FDA-
Durene/DABA (9/1) co-polyimide by esterification [8]. The three CDs, 
namely, α-, β-, and γ-CD, are formed by six to eight glucopyranoside units. 
Thermal treatment of the co-polyimide was conducted from 300 to 425 °C to 
study the effects of different annealing temperatures on the membrane 
separation performance. The functions of thermal treatment are as follows (1) 
decomposing the structure of CD to create more pore volumes in the 
membrane matrix, and (2) inducing thermally cross-linked rigid-chain 
structure that avoids pore collapsing [8, 24]. The desired cross-linked structure 
has been shown in Figure 4.1. As can be seen in Figure 3.2, the sizes of these 
Cyclodextrins are different. After thermal treatment, the decomposed CD 
would leave different sizes of microvoids in the membrane. Therefore, the 
purpose of this work is to explore the science and engineering if one can 
incorporate different sizes of CD and manipulate the free volume and its size 
with enhanced permeability and selectivity of the resultant membrane via by 




Figure ‎4.1: A hypothesis of the cross-linked structure a) low temperature 
(below 350°C) b) high temperature (above 350°C) 
 
4.2 Results and discussion 
4.2.1 Characterization 
The inherent viscosities of original PI (6FDA-Durene/DABA (9:1)), PI-g-α-
CD, PI-g-β-CD, and PI-g-γ-CD is given in Table 4.1. The inherent viscosities 
decrease after CD grafting in all co-polyimides. The number average 
molecular weight (Mn) and polydispersity (PDI) of original PI, PI-g-α-CD, PI-
g-β-CD, and PI-g-γ-CD co-polyimides are given in Table 4.1. Both Mn and 
PDI of co-polyimides after grafting CDs decrease, possibly due to chain 
scission during esterification because of high reaction temperature and acid 
catalyst.  
 
Table ‎4.1: Properties of the synthesized co-polyimides before and after 






Inherent Viscosity (dL/g) 
(0.5 % in NMP 25°C) 
Original PI 82345 3.25 1.01 
PI-g-α-CD 20359 2.96 0.54 
PI-g-β-CD 17149 2.92 0.55 
PI-g-γ-CD 19299 2.95 0.47 
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In this study it was found that the heat treatment changes membrane color, 
flexibility, density and permeation characteristics. The FTIR-ATR spectrum of 
6FDA-Durene-DABA (imide group) can be characterized by bands around 
1351 cm
-1
 (C–N stretch), 1716 cm-1 (asymmetric C=O stretch), 1786 cm-1 
(symmetric C=O stretch) and 741 cm
-1
 (bending of C=O). As shown in Figure 
4.2, in general the imide groups of these co-polyimides are thermally stable 
until 400 °C and the intensities of these peaks below 400 °C are constant. This 
implies the decomposition of CD structure may not have a significant effect on 
the imide group until 400 °C. These results are similar to the results obtained 
by Wieneke and Bickel [25], Shao et al [26], and Xiao et al [8]. Wieneke and 
Bickel [25] showed that there was a strong relationship between the intensity 
of peaks in the region of 3200-3400 cm
-1
 which represented the OH vibration 
of the acid group and the amount of DABA in the 6FDA-copolyimide and 
these peaks decreased after treatment at 400 °C.  
 
The intensities of the peaks at 1580–1600 cm-1, representing C–C stretches 
vibrations in the aromatic ring, increase when the membranes are treated at 
425 °C. This phenomenon may arise from the formation of new covalent 
bonds between benzene rings [8] because radical DABA groups are formed 
due to decarboxylation over 400 °C [24]. In other words, two radical DABA 
groups may form linkages as biphenyl [27]. For the membranes treated at 425 
°C, the intensities of imide groups are reduced visibly because the imide ring 
starts to decompose at this temperature. On the other hand, the intensities of 
peaks at 1580-1600 cm
-1
, representing C–C stretching vibrations in the 
aromatic ring increase, indicating the stronger cross-linking reaction between 
aromatic rings. Compared with the original co-polyimide, the co-polyimide 
grafted by CDs shows a stronger intensity of the characteristic peaks of OH 
groups at 1620 and 3650 cm
-1
, indicating the success of esterification between 
the co-polyimide and CD. Heat treatment at 200 °C does not decompose the 
grafted CD because the characteristic peaks of OH groups at 1620 and 3650 
cm
-1
 are still clear. By increasing temperature, CD decomposes and the 







Figure ‎4.2: FTIR-ATR spectra of co-polyimide membranes at different heat 
treatment temperatures 
 
The intensities of the characteristic peaks of OH groups at 1620 cm
-1
, decrease 
by decreasing the number of OH groups of CD. As a result, PI-g-γ-CD has a 
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stronger intensity than that of the PI-g-β-CD and PI-g-β-CD has a stronger 
intensity than that of the PI-g-α-CD. Compared to the original PI, the co-
polyimides grafted by CDs at 200 °C shows a weaker intensity of the 
characteristic peaks of COOH groups at 3200-3400 cm
-1
 because some COOH 
groups have reacted with the CD during the esterification reaction. 
 
The weight losses and derivatives of weight losses (decomposition rates) of 
the original co-polyimide and PI-g-CDs as a function of temperature in 
nitrogen atmosphere are shown in Figure 4.3. The original co-polyimide 
shows two stages of decomposition. The first stage of weight loss of around 6 
% is detected from 400-500 °C, which comes mainly from the decarboxylation 
of a DABA moiety of the co-polyimide [23]. In the second stage, additional 40 
% weight loss occurs from 500 to 700 °C mainly because of the 
decomposition of imide and 6FDA groups in the polymer backbone. 
 
Figure ‎4.3: Residual weight and decomposition rate vs. temperature for 
original co-polyimide and PI-g-CDs 
 
Co-polyimides grafted CDs have one more stage of decomposition. In this 
stage, around 10 % weight loss takes place in the range of 200 to 400 °C 
mainly due to the decomposition of CDs’ structure [8, 23]. The weight losses 
for the second and third stages are around 4 % and 35 %, respectively. The 
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weight losses of PI-g-CDs polymers due to the decarboxylation of DABA at 
400-500 °C are smaller than that of the original PI. This is because the former 
has less COOH groups than the latter. Theoretically, if all COOH groups react 
with CD, the weight losses of PI-g-α-CD, PI-g-β-CD, and PI-g-γ-CD, owing to 
CD decomposition at 200-400 °C should be around 14.5, 16.5, and 18.5 %, 
respectively. However, the real weigh losses are around 9, 10, and 11.5 % for 
PI-g-α-CD, PI-g-β-CD, and PI-g-γ-CD, respectively because only around 60 
% of COOH groups have reacted with CDs.  
 
The XRD patterns of original co-polyimide and co-polyimide membranes 
grafted by CDs in different treatment temperatures are shown in Figure 4.4. 
All of the wide angle X-ray diffraction (WAXD) patterns of these co-
polyimides are broad indicating that they have an amorphous structure.  
 
 
Figure ‎4.4: WAXD patterns of co-polyimide membranes at different 
treatment temperatures 
 
The WAXD peak in the amorphous glassy polymer is often used to estimate 
the average inter-chain spacing distance (d-spacing). As shown in this figure, 
the d-spacing value increases with increasing post-treatment temperature up to 
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350 °C and a further heat treatment at 425 °C reduces the d-space. For the 
original co-polyimide, the initial increment in d-spacing is possibly due to an 
increase in chain mobility by increasing temperature [26]. However, the 
decomposition of Cyclodextrin structure, which makes a lot of microvoids and 
channels between polyimide chains, is the drive mechanism for the initial 
increment in d-spacing in co-polyimides grafted by CDs [8]. The possible 
cause of decreasing d-spacing above 350 °C arises from the cross-linking 
reaction at this high temperature that leads to higher chain packing; hence, the 
distance between chains becomes smaller. Interestingly, the decreasing trend 
in d-spacing is severer in co-polyimides grafted by CDs (decreasing from 6.40 
to 5.84) than in the original PI (decreasing from 6.30 to 6.10). As illustrated in 
Figure 4.4, the d-spacing values of PPM-γ-CD-425, PPM-β-CD-425 and 
PPM-α-CD-425 are lower than that of the original PI. This phenomenon may 
be attributed to the factor that the decomposition of the CD may promote 
cross-linking reactions due to the presence of more free radicals. 
 
Figure 4.5 shows the evolution of color change of co-polyimide membrane 
grafted γ-CD from colorless to black due to heat treatment. However, the 
membrane thermally treated 425 °C still has very high flexibility and 
mechanical strength that are much better than conventional carbon molecular 
sieve membranes. Additional physical properties of the original PI and co-
polyimide membranes grafted by CDs after heat treatment at different 
temperatures are provided in Table 4.3. The values for the glass transition 
temperature (Tg), density, and fractional free volume (FFV), which refers to 
the ratio of the so-called "expansion volume" to the observed volume are 
shown. In all cases, Tg increases with increasing heat treatment temperature 
especially at 400 °C. Clearly, an increase in Tg means an increase in polymer 
chain rigidity due to occurrence of the cross-linking reaction at higher 
temperatures. All co-polyimides at 425 °C do not show a Tg by means of 
running DSC up to 450 °C, though there are some thermal events. Moreover, 
compared to α-CD and β-CD, density of co-polyimide grafted γ-CD decreases 
more. Also, the order FFV of these co-polyimides follows PI-g-γ-CD > PI-g-
β-CD > PI-g-α-CD due to the size effect of various CD. Since γ-CD is bigger 
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than β-CD and β-CD is bigger than α-CD, the micro-pores created by γ-CD 
after decomposition is bigger than those created by α-CD and β-CD.  
 
 
Figure ‎4.5: Flexibility of the co-polyimide grafted with γ-CD membrane 
thermally treated at 425 °C 
 
In case of density, it can be seen that it decreases with increasing heat 
treatment temperature and as a result, the FFV value increases. This decrease 
in density and increase in FFV, with the aid of heat treatment, is mainly 
attributed to the decomposition of CD structure. According to TGA, these 
polymers lose CD in the temperature range from 300 to 400°C and if polymer 
chains are adequately rigid, the spaces occupied by CD might be kept as 
micro-pores after heat treatment [20]. Since it is still unclear that how much 
CD has decomposed and been lost between 300 to 425 °C, calculating FFV for 






Table ‎4.2: Physical properties of co-polyimide membranes in different heat 
treatment temperatures 





Original PI-200 399 1.332 0.751 0.184 
Original PI-300 400 1.327 0.754 0.187 
Original PI-350 402 1.329 0.753 0.187 
Original PI-400 408 1.325 0.755 0.189 
Original PI-425 --- 1.304 0.767 0.201 
PI-g-α-CD-200 400 1.325 0.755 0.203 
PI-g-α-CD-300 402 1.315 0.760 --- 
PPM-α-CD-350 404 1.304 0.767 --- 
PPM-α-CD-400 410 1.291 0.774 --- 
PPM-α-CD-425 --- 1.284 0.779 --- 
PI-g-β-CD-200 401 1.327 0.754 0.205 
PI-g-β-CD-300 402 1.316 0.760 --- 
PPM-β-CD-350 405 1.305 0.767 --- 
PPM-β-CD-400 410 1.287 0.777 --- 
PPM-β-CD-425 --- 1.278 0.783 --- 
PI-g-γ-CD-200 401 1.324 0.755 0.208 
PI-g-γ-CD-300 403 1.315 0.761 --- 
PPM-γ-CD-350 405 1.298 0.770 --- 
PPM-γ-CD-400 412 1.281 0.780 --- 
PPM-γ-CD-425 --- 1.268 0.788 --- 
 
4.2.2 Pure gas permeation experiments 
The pure gas permeability and ideal selectivity of co-polyimides before and 
after CD graft and then heat treated at different temperatures are shown in 
Table 4.3. As can be seen, the permeability of all gases increases with heat 
treatment temperature. At low temperatures, hydrogen bonds among COOH 
groups of DABA tighten the polymer segmental packing and reduce the free 
volume within the polymer matrix [28]. Hydrogen bonding is broken and 
chain packing becomes a loser with heat treatment temperature and this can be 
a reason that the permeability of original PI increases with heat treatment 
temperature. Another reason may be due to the thermal expansion of the 
polymer matrix. The chain mobility increases with heat treatment temperature 
due to the thermal expansion of the polymer matrix and permeability increases 
[26]. As mentioned before, after heat treatment, the spaces occupied by CD 
can be kept as micro-pores that increase fractional free volume and gas 
permeability. The degree of increase in permeability generally follows the 
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order of γ-CD > β-CD > α-CD due to different CD structures and thermal 
decomposition behaviors.  
 
Table ‎4.3: Pure gas permeability and selectivity of co-polyimide membranes 
(10 atm and 35 °C) 
     Permeability (Barrer)                   Selectivity 
Membranes CO2 CH4 C3H6 C3H8  CO2/CH4 C3H6/C3H8 
Original PI-200 235 10 --- ---  22.58 --- 
Original PI-300 326 17 --- ---  19.18 --- 
Original PI-350 392 23 11 0.81  17.23 13.65 
Original PI-400 519 29 30 2.1  18.01 14.42 
Original PI-425 1302 63 73 4.1  20.83 17.97 
PI-g-α-CD-200 241 12 --- ---  20.14 --- 
PI-g-α-CD-300 373 23 --- ---  16.79 --- 
PPM-α-CD-350 416 26 17 1.2  16.06 13.32 
PPM-α-CD-400 568 31 61 4.6  18.51 13.24 
PPM-α-CD-425 2423 112 295 17  21.70 17.77 
PI-g-β-CD-200 238 12 --- ---  20.67 --- 
PI-g-β-CD-300 403 25 --- ---  16.05 --- 
PPM-β-CD-350 593 37 18 1.2  15.91 14.09 
PPM-β-CD-400 772 41 81 5.9  18.65 13.88 
PPM-β-CD-425 3112 140 396 22  22.19 17.86 
PI-g-γ-CD-200 251 12 --- ---  21.21 --- 
PI-g-γ-CD-300 416 24 --- ---  17.46 --- 
PPM-γ-CD-350 663 41 22 1.5  16.34 14.22 
PPM-γ-CD-400 929 48 102 7.3  19.28 13.98 
PPM-γ-CD-425 4211 187 521 28  22.44 18.09 
 
The selectivity of these co-polyimides decreases and then increase and, this 
trend is consistent with the evolution of d-spacing of the co-polyimides. As 
mentioned before, cross-linking reaction takes place at high temperatures and 
makes chain packing denser. According to Steel and Koros [29] and Xiao and 
Chung [8], ultramicropores and micro-pores are possibly formed in the 
polymeric membrane treated at high temperatures. The ultramicropores have 
dimensions equivalent or close to the d-spacing of the co-polyimide and 
determine gas selectivity, whereas the micro-pores have bigger sizes created 
by the CD decomposition and enhance gas permeability. Since the dimension 
of ultramicropores decreases at high temperatures because of cross-linking 
reaction, the gas pair selectivity is increased. According to WAXD results, the 
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degrees of cross-linking reaction are higher for co-polyimide membranes 
grafted by CDs than that for the original PI, thus the former has a higher 
selectivity than the later after thermal treatment.  
 
One observation from Table 4.3 is that the permeability of the membranes heat 
treated at 400 and 425 °C are related to the cavity diameter of the CDs. Figure 
4.6 shows the dimensions of CDs [30] and permeability ratios of PPM-α-CD 
to PPM-γ-CD and PPM-β-CD to PPM-γ-CD at 400 and 425 °C. As can be 
seen in this figure, the cavity diameters of α-CD, β-CD, and γ-CD are around 
5.7, 7.8 and 9.5 Å, respectively, and the cavity diameter ratios of α-CD to γ-
CD and β-CD to γ-CD are around 0.6 and 0.8, respectively. These ratios are 
almost the same as the permeability ratios of PPM-α-CD to PPM-γ-CD and 
PPM-β-CD to PPM-γ-CD at 400 and 425 °C. Thus, the micro-pores size is 
strongly related to the CD cavity size, while the permeability is strongly 
associated with the micro-pores size.  The permeability of the original PI 
thermally treated at 425 °C is 4 to 6 times higher than that treated at 200 °C. 
This increase is 8 to 10 times for PPM-α-CD-425 and 15 to 17 times for PPM-
γ-CD-425. These rapid permeability jumps have resulted from the fact that CD 
decomposes at high temperatures and also bigger CD creates bigger micro-
pores. Another observation is that all membranes heat treated at 200 °C have 
almost the same permeability. This trend is due to the fact that the CD does 
not decompose at this low temperature and all membranes may have almost 
the same size of micro-pores. The order of gas permeability for all membranes 
follows this sequence: C3H8 (kinetic diameter: 4.30 Å) <CH4 (3.80 Å) <C3H6 
(4.5 Å) < N2 (3.64 Å) < O2 (3.46 Å) < CO2 (3.30 Å). Except for C3H6 gas, the 
increasing order is consistent with decreasing kinetic diameter of gas 
molecules that shows the separation mechanism may follow the solution 
diffusion mechanism. The high permeability of C3H6 over CH4 and C3H8 may 
be due to the effect of solubility. In other words, C3H6 has a higher solubility 
than C3H8 and CH4. In addition, CO2 has the highest permeability because of 






Figure ‎4.6: a) Dimensions of α, β, and γ-CD [30] and b) Permeability ratios of 
PPM-α-CD to PPM-γ-CD and PPM-β-CD to PPM-γ-CD at 400 and 425 °C. 
 
As aforementioned, plasticization is not desirable in gas separation processes. 
Plasticization is a pressure dependent phenomenon caused by the dissolution 
of certain components within the polymer matrix which disrupts the chain 
packing and enhances inter-segmental mobility [4, 5, 31-33]. The pressure at 
which the corresponding gas permeability exhibits a minimum is known as the 
plasticization pressure. Figure 4.7 illustrates the CO2 plasticization behavior of 
the newly developed co-polyimide membranes thermally treated at different 
temperatures. As shown in this figure, all membranes before heat treatment 
appear to undergo plasticization at around 5 atm CO2 feed pressure and by 
increasing the thermal treatment temperature, plasticization pressure increases. 
It’s clear that cross-linking reaction at high-temperatures  confine the 
movement of polymer chains and enhances anti-plasticization performance. 
Another reason of this phenomenon may be due to higher Langmuir sorbed 
molecules in contrast to Henry’s law contribution at high-temperatures. PPM-
β-CD-425 and PPM-γ-CD-425 show superior anti-plasticization characteristics 





Figure ‎4.7: CO2 plasticization behavior of a) original PI, b) PI-g-α-CD, c) PI-
g-β-CD, and d) PI-g-γ-CD at different heat treatment temperatures. 
 
4.2.3 Mixed gas permeation experiments 
Since the crucial applications of membranes are in the presence of mixed gas 
streams, it is important to achieve a high selectivity for mixed gas experiments 
to show commercial feasibility. In this study, mixed gas experiments were 
conducted using a 50:50 feed mixture of CO2/CH4 with a total feed pressure of 
20 atm at 35 °C. Table 4.4 summarizes the gas permeability and selectivity of 
co-polyimides thermally treated at 425 °C under pure and mixed gas tests.  For 
the original PI-425, the mixed gas selectivity decreases tremendously when 
comparing with pure gas results due to the effect of plasticization. Clearly, the 
thermal treatment at 425 °C does not enhance its anti-plasticization 
characteristics. Consistent with Figure 4.7, the permeability of PPM-β-CD-425 
and PPM-γ-CD-425 in mixed gas tests shows slightly decreases, while their 
selectivity is almost the same as those in pure gas tests.  
 
The differences in pure gas and mixed gas systems have been studied by 
Chern et al [34]. Assuming the permeability of a pure gas in glassy polymers 
can be described by the dual mode or partial immobilization model, the 
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permeability of gas A may be expressed by Eq. (4-1) when the downstream 
pressure is zero. 









   
 
 
where KDA, DDA, bA and pA refer to the Henry’s law constant, Henry’s law 
diffusion coefficient of the penetrant, Langmuir affinity constant, and 
upstream pressure of pure gas, respectively. FA is the ratio of the diffusion 
coefficient of the penetrant in the Langmuir sites (i.e., microvoids) to that in 
the Henry sites for gas A (FA = DHA/DDA), and K = C’HA bA/k, is a useful 
collection of the sorption parameters introduced above when CHA’ refers to the 
Langmuir capacity constant for pure gas A. 
 
Table ‎4.4: Mixed gas permeability and selectivity of co-polyimide membranes 













CO2 CH4  CO2/CH4  CO2 CH4  CO2/CH4 
Original PI-425 1302 62  20.83  1221 91  13.41 
PPM-α-CD-425 2423 112  21.70  2392 117  20.44 
PPM-β-CD-425 3112 140  22.19  2911 133  21.85 
PPM-γ-CD-425 4211 187  22.44  3976 174  22.85 
a
 measured at 10 atm and 35 °C 
b
 measured at 20 atm and 35 °C 
 
 
The permeability of gas A in mixed gas tests are given by Eq. (4-2). For 
simplicity, gas A is to the component of primary interest, while gas B is the 
second competing component. PA and PB refer to the partial pressures of 
components A and B, respectively. 




A A B B
F K
P k D
b p b p
  




As can be seen, Eq. (4-2) has one extra term in the denominator compared to 
Eq. (4-1), which decreases the permeability amount for gas A. Therefore, gas 
permeability obtained under mixed gas test is usually lower than that under 
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pure gas test. However, selectivity may stay almost constant, but still 





Figure ‎4.8: Trade off lines for CO2/CH4 and C3H6/C3H8 separation (empty 




A comparison of gas separation performance of the original PI and co-
polyimide membranes grafted by CDs thermally treated at 425 °C is shown in 
Figure 4.8. The separation performance of the thermally treated original PI is 
much inferior to those CD grafted PI.  For CO2/CH4 separation, the entire PI 
grafted CDs membranes surpass the trade-off line, while the thermally treated 
original PI is still within the trade-off line. Clearly, the CD decomposition 
facilitates micro-pore formation and enhances the permeability. For 
C3H6/C3H8 separation, all membranes thermally treated at 425 °C can surpass 
the trade-off line. They have almost the same permselectivity, but permeability 




Using a cross-linkable co-polyimide (6FDA-Durene/DABA (9/1)), we have 
developed new high-performance gas separation membranes that can enhance 
both membrane permeability and resistance to plasticization simultaneously by 
grafting various sizes of Cyclodextrin to the polyimide matrix and then 
decomposing them at elevated temperatures. The following conclusions can be 
made from this work: 
 The decomposition of the CD may convert the spaces originally 
occupied by CD to micro-pores and thus increase fractional free 
volume and gas permeability.  
 Permeability increase is strongly related to the cavity size of a CD; the 
bigger CD size, the higher permeability jumps after thermal treatments 
at elevated temperatures. 
 Permselectivity increases if the thermal treatment is conducted over 
400 °C due to the occurrence of cross-linking reaction in the polyimide 
matrix that tightens the d-space.    
 The separation performance of thermally treated polyimides that were 
originally grafted with the CD is much better than that without the CD.  
For CO2/CH4 separation, all the co-polyimide membranes grafted by 




 For C3H6/C3H8 separation, all membranes thermally treated at 425 °C 
can surpass the trade-off line with almost the same permselectivity. 
However, their permeability follows the order of PPM-γ-CD-425 > 
PPM--CD-425 > PPM--CD-425 > Original PI-425.   
 The thermally treated polyimides that were originally grafted with the 
CD show much better anti-plasticization characteristics than that 
without the CD. The plasticization pressure of the PPM-γ-CD-425 
membrane is over 30 atm, while the original polyimide is less than 15 
atm. 
 The best result was achieved from the PPM-γ-CD-425 membrane. It 
has a CO2 permeability of 4211 Barrers with a CO2/CH4 ideal 
selectivity of 22.44 and a C3H6 permeability of 521 Barrers with a 
C3H6/C3H8 ideal selectivity of 18.09. The CO2 permeability drops 
slightly to 3976 Barrers with almost the same CO2/CH4 selectivity of 
22.84 in mixed gas tests.   
 The newly developed PPM--CD-425, PPM--CD-425, and PPM-γ-
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Chapter 5:  Permeability, Solubility, Diffusivity and PALS 
Data of Cross-linkable 6FDA-based Co-polyimides 
5.1 Introduction 
Membrane separation has received much attention, and various polymeric 
membrane materials have been synthesized and investigated for gas separation 
applications. Among them, the polyimide family is one of the most attractive 
and favorable materials due to its excellent properties such as high thermal 
stability, chemical resistance, mechanical strength, and spinnability [1-9]. 
Within the polyimide materials, hexafluoroisopropylidene diphthalic 
anhydride (6FDA)-based co-polyimides are of particular interest since they 
often possess both high gas permeability and selectivity for CO2/CH4 and 
olefin/paraffin separation [4-15].  
 
In order to compete with other separation technologies, polymeric membranes 
must be carefully designed with consideration of particular applications. A 
molecular-level understanding of materials and engineering factors that govern 
the permeability, solubility, and diffusivity coefficient of gases across the 
membranes must be conducted and comprehended [1-12, 16-21]. Gas 
permeation across a polymer membrane usually follows the solution-diffusion 
mechanism where the permeability is a product of the solubility coefficient 
and diffusivity coefficient [12, 16, 22]. In other words, gas permeation follows 
by gas sorption onto the membrane surface, then the gas molecules diffuse 
across the polymer matrix, and subsequently desorb from the other surface of 
the membrane. Thus, the permeation process involves in a combination of 
thermodynamic factors like condensability of the gas and its interaction with 
polymer segments plus kinetic factors that are mostly dependent on penetrant 
size, segment mobility and free volume [22]. Usually, two out of the 
aforementioned three coefficients that characterize a membrane permeability 
are sufficient to understand its separation behavior. However, if the polymeric 
membrane is in the glassy state, the three coefficients may not be precise since 
glassy polymeric membranes are often in a non-equilibrium state. Besides, 
structural information on free volume and its size distribution in glassy 
polymers is another important factor in determining the transport properties. 
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This is due to the fact that the intrinsic transport properties such as diffusivity 
and solubility are strongly related to the chemical structure and the free 
volume of membrane materials. The interdependencies have been well 
summarized in several articles [3, 7, 8, 13-15, 21-25].  
 
In chapter 4, we have developed novel 6FDA-based co-polyimides which 
were structurally grafted by thermally labile groups such as α, β, and γ-
Cyclodextrin (CD) and then decomposed with the purpose to enhance gas 
separation performance for CO2/CH4, O2/N2 and C3H6/C3H8 separation 
[4,9,26-27]. However, no fundamental studies have been conducted to 
investigate their sorption behavior and transport mechanism as a function of 
thermally labile group. Therefore, the purposes of this chapter are to 
comprehend these novel materials by examining the relationship between the 
gas permeation properties and grafted CD sizes over a wide range of pressures 
and annealing temperatures using the dual-mode sorption model [14, 16-22, 
28-29]. In addition to using conventional permeation and sorption cells, 
positron annihilation lifetime spectroscopy (PALS) is utilized in this study 
[24-26, 30-33]. It is envisioned that this fundamental study may provide useful 
insights for better materials, design and explore new materials for industrial 
gas separation.  
 
5.2 Results and discussion 
5.2.1 Solubility coefficient of co-polyimide membranes 
It is well known that solubility is determined by (1) the inherent 
condensability of the penetrant, (2) the polymer–penetrant interactions, and (3) 
the amount and distribution of excess free volume in the glassy polymer [13-
22, 28-29, 34-41]. In this study, Figure 5.1 and Figure 5.2 shows the sorption 
isotherms as a function of CH4, CO2, C3H8 and C3H6 and their pressures at 35 
°C. All sorption isotherms are concave to the pressure axis, which were as 
expected on the basis of the typical behavior of glassy amorphous polymers 
and of the dual mode sorption model. Penetrants sorbed in Henry’s sites (CD) 
is believed to be same as a gas dissolved in a rubbery polymer, while 
penetrants sorbed in Langmuir sites (CH) has a capacity limit due to a hole-







Figure ‎5.1: Sorption isotherms of CH4 and CO2 in different co-polyimide 







Figure ‎5.2: Sorption isotherms of C3H8 and C3H6 in different co-polyimide 
membranes at 35 ºC 
 
Table 5.1 tabulates the dual sorption parameters of Eq. (2-8) using a nonlinear 
least-squares regression to fit the sorption isotherms. The sorption of CH4 is 
much less than that of other gases due to the lower condensability and weak 
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interactions with the polymers.  As shown in Table 5.1, Figure 5.3 and Figure 
5.4, for all the penetrant gases investigated in this study, the original PI-200 
has slightly lower solubility coefficients comparing with those of PI-g-CDs-
200, indicating that the sorption capacity of the membranes increases after 
grafting various types of CD into the PI.  
 
Table ‎5.1: Solubility, diffusivity, and dual mode sorption parameters of 
different co-polyimide membranes for different gasses at 35 °C and 1 atm 
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Figure ‎5.3: Solubility coefficient of CH4 and CO2 in different co-polyimide 







Figure ‎5.4: Solubility coefficient of C3H8 and C3H6 in different co-polyimide 
membranes at 35 ºC 
 
Figure 5.5 shows the relative solubility coefficient of different gases for co-
polyimide membranes thermally treated at 425 ºC using the original PI-200 as 
the control. Interestingly, after grafting CD and thermal treatment, CH4 and 
CO2 have higher increases in solubility coefficient than C3H8 and C3H6. This 
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phenomenon may be due to the fact the former have smaller molecules and 
lower critical temperatures than the latter. One may therefore expect that the 
change in solubility coefficient has more effects on CH4 and CO2 
permeabilities than C3H8 and C3H6 permeabilities. 
 
 
Figure ‎5.5: Relative solubility coefficient of different gasses for co-polyimide 
membranes thermally treated at 425 ºC compared to Original PI-200 
 
Co-polyimide membranes annealed at higher temperatures have higher gas 
sorption amounts over the entire pressure range studied. As can be seen in 
Figure 5.6, the relative values of kD and b of all membranes thermally treated 
at 425 ºC do not increase as much as C'H when normalizing their values to 
those of the original PI-200. This observation indicates that thermal treatment 
has minor effects on Henry’s solubility coefficient (kD) and Langmuir affinity 
constant (b) because they are mainly determined by the polymer and penetrant 
chemistry as well as their mutual interactions. However, the C'H values of PI-
g-CDs have more increments than the original PI because the saturated 
Langmuir sorption capacity is related to the microvoid size which is increased 
with CD size and decomposition temperature. When additional free volume is 
created, both C'H and solubility coefficient increase because the spaces 
originally occupied by CD are converted to micro-pores. The degrees of 
increases in C'H and gas solubility generally follow the order of γ-CD > β-CD 






Figure ‎5.6: Relative kD, b, and C’H value of different gasses for co-polyimide 




The PALS results give another evidence for this conclusion. As shown in 
Table 5.2, the 3 values of the membranes annealed at 425 ºC become smaller. 
This reduction is due to the cross-linking reaction at this high temperature that 
results in a small pore size. On the other hand, the intensity I3 increases when 
annealing at 425 ºC, indicating more free volume cavities are created due to 
the decomposition of CDs and the conversion of the CD spaces to micro-
pores. Since the number of micro-pores increases faster than the reduction of 
pore sizes, as a result, the fractional free volume (FFV) increases with 
annealing temperature and CD size.  
 
Table ‎5.2: Positron annihilation lifetime spectroscopy (PALS) data of 
different co-polyimide membranes 








Original PI-200 7.51 ± 0.07 
 
3.17 ± 0.03 
 
3.75 ± 0.01 
 
2.98 ± 0.06 
 
Original PI-425 6.46 ± 0.07 
 
2.93 ± 0.03 
 
3.60 ± 0.01 
 
2.26 ± 0.05 
 
PI-g-α-CD-200 8.04 ± 0.07 
 
3.10 ± 0.03 
 
3.70 ± 0.01 
 
3.08 ± 0.06 
 
PPM-g-α-CD-425 9.35 ± 0.08 
 
2.97 ± 0.02 
 
3.62 ± 0.01 
 
3.34 ± 0.06 
 
PI-g-β-CD-200 8.23 ± 0.07 
 
3.07 ± 0.03 
 
3.68 ± 0.01 
 
3.10 ± 0.06 
 
PPM-g-β-CD-425 9.94 ± 0.15 
 
2.89 ± 0.02 
 
3.56 ± 0.01 
 
3.39 ± 0.08 
 
PI-g-γ-CD-200 8.44 ± 0.07 
 
3.13 ± 0.03 
 
3.72 ± 0.01 
 
3.28 ± 0.06 
 
PPM-g-γ-CD-425 9.98 ± 0.13 
 
2.89 ± 0.02 
 
3.57 ± 0.01 
 
3.42 ± 0.07 
 
 
5.2.2 Permeability and diffusivity coefficient of co-polyimide 
membranes 
The permeabilities of CH4, CO2, C3H8 and C3H6 of the newly developed 
membranes were measured as a function of upstream pressure at 35 ºC, and 
the results are reported in Figure 5.7 and Figure 5.8. The CH4 permeability 
decreases with an increase in upstream pressure for all membranes. This 
phenomenon is consistent with the dual-mode model described by Eq. (2-14) 
for the gas transport in glassy polymers. As the feed pressure p increases, the 







 decreases and leads to the decline in 
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permeability when other parameters are constant [20] because of the saturation 




Figure ‎5.7: Permeabilities of CH4 and CO2 in different co-polyimide 
membranes as a function of pressure at 35 ºC 
 
For highly condensable gases such as CO2, C3H6 and C3H8, a down-and-up 
trend is observed for the permeability vs. pressure curves for all membranes 
due to the CO2 induced plasticization except PPM-g-β-CD-425 and PPM-g-γ-
CD-425. As the pressure increases, the penetrant concentration becomes 
higher resulting in an increase in segmental mobility of polymer chains that 
facilitates the penetrant diffusion.  In this case, the increment in diffusion 







, leading to the 
augment in permeability at high pressures [43-44]. The membranes PPM-β-
CD-425 and PPM-γ-CD-425 are not governed by this behavior because these 
 96 
 
two membranes possess higher degrees of cross-linking which confine the 




Figure ‎5.8: Permeabilities of C3H8 and C3H6 in different co-polyimide 
membranes as a function of pressure at 35 ºC 
 
Since permeability is a product of diffusivity and solubility, the diffusivity 
coefficients of CH4, CO2, C3H8 and C3H6 can be calculated from the 
permeability and solubility data using Eq. (2-14) and their average values are 
given in Table 5.1. As expected, diffusivity coefficient is strongly dependent 
on penetrant size for all samples. Propane, the largest penetrant, has the lowest 
diffusivity coefficient while carbon dioxide, the smallest gas, has the highest 
one.  
 
The diffusivity coefficients of CO2 and CH4 vary in much broader ranges than 
their solubility coefficients. As displayed in Table 5.1, CO2 solubility 
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with an augment factor of 2.7 while CO2 diffusivity coefficients range from 




/s] with an augment factor of about 10. As a result, the 
enhancement in CO2 permeability of PPM-g-γ-CD-425 over PI-g-γ-CD-200 is 
a product of 2.4-time increase in solubility and 10.3-time increase in 
diffusivity. Similar trends are observed for C3H6 and C3H8. Clearly, in addition 
to annealing temperature, diffusivity contributes more significantly than 
solubility to the change in permeability of PI-g-CDs. The grafting of CDs and 
the decomposition of CDs at various temperatures provide us with the tools to 
micro-manipulate the amount of free volume and its size as well as the 




Figure ‎5.9: Plots of permeability coefficients of CH4 and CO2 against (1+bp)
-1 






Figure ‎5.10: Plots of permeability coefficients of C3H8 and C3H6 against 
(1+bp)
-1 
for different co-polyimide membranes 
 
Eq. (2-14) implies that the plot of permeability vs. (1+bp)
-1
 should be linear if 
the dual sorption model is applicable and all its parameters are constant and 
independent of pressure. Then the two parameters DD and DH can be 
calculated via the permeability vs. pressure relationship. As demonstrated in 
Figure 5.9 and Figure 5.10, fairly good linear relations are observed for all the 
membranes. However, the plots for the CO2 case are slightly convex to the x-
axis at high pressures due to the CO2 induced plasticization. Therefore, only 
the permeability values before plasticization were used to measure the slope 
and intercept.  
 
Table 5.3 summarizes the DD, DH and F values estimated from these plots. 
The variation of DH with annealing temperature is much greater than that of 
DD because weaker hydrogen bonding (for the original PI) and/or a higher 
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amount of micro-pores and free volume (for the CD grafted PI) are created 
when annealing the membranes at high temperatures.  
 
Table ‎5.3: Diffusivity parameters of different co-polyimide membranes for 








































































































































































































































































A comparison of F values indicates that F values for all gasses in membranes 
thermally treated at 425 ºC are higher than those thermally treated at 200 ºC. 
This phenomenon might be due to the fact that membranes thermally treated at 
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200 ºC trap gas molecules in Langmuir sites and hence hinder gas transport 
across the membranes. The affinity between sorbed gas and Langmuir sites is 
reduced for the membranes thermally treated at 425 ºC because of weaker 
hydrogen bonding and/or more porous micro-pores created due to the 
decomposition of CDs. 
 
5.2.3 Permselectivity 
Both solubility and diffusivity contribute to permselectivity. Table 5.4 
tabulates their individual influences to the permselectivity of each membrane 
for CO2/CH4 and C3H6/C3H8 separations. The diffusion selectivity fluctuates at 
a wider range than the solubility selectivity for these polymers. For the 
CO2/CH4 separation, the diffusion selectivity varies from 2.44 to 4.86 while 
the solubility selectivity ranges from 6.55 to 8.58 for CO2/CH4.  
 
Table ‎5.4: Contributions of solubility selectivity and diffusion selectivity to 
the permselectivity of each membrane for CO2/CH4 and C3H6/C3H8 
















Original PI-200 7.76 2.82 21.87 
 
1.28 12.83 16.42 
Original PI-425 8.02 3.06 24.58 
 
1.50 14.13 21.20 
PI-g-α-CD-200 7.96 2.44 19.42 
 
1.34 11.91 15.94 
PPM-g-α-CD-425 6.75 4.63 31.27 
 
1.12 20.15 22.62 
PI-g-β-CD-200 7.20 2.93 21.09 
 
1.47 10.94 16.07 
PPM-g-β-CD-425 7.25 4.64 33.69 
 
1.15 19.11 22.01 
PI-g-γ-CD-200 8.58 2.51 21.56 
 
1.45 12.09 17.48 
PPM-g-γ-CD-425 6.55 4.86 31.59 
 
1.17 20.43 23.68 
 
All of CD grafted membranes thermally treated at 425 ºC have almost equal or 
lower solubility selectivity than the original PI-425 membrane for CO2/CH4 
and C3H6/C3H8 separations. In addition, the former has much higher diffusion 
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selectivity than the latter. As a result, diffusion selectivity plays a more 
important role than solubility in determining the permselectivity for CD 
grafted membranes thermally treated at 425 ºC. 
 
5.2.4 Comparison of dual sorption behavior, solubility, and diffusivity 
coefficient of CO2 in polymeric membranes 
According to Tables 5.1, PPM-g-γ-CD-425 (the co-polyimide grafted with γ-
CD and thermally treated at 425 °C) shows the best solubility and diffusivity 




polymer  atm (64.4 × 10-2 cm3 
(STP)/cm
3
polymer  cm-Hg) and a diffusivity of 104.5 ×10-8cm2/s.   
 
Since there are many literature data available on dual mode sorption 
parameters of CO2 in glassy polymeric membranes, Table 5.5 compares them 
and shows that the newly developed membranes (PPM-g-β-CD-425 and PPM-
g-γ-CD-425) have the higher Langmuir capacity and solubility with 
comparable diffusivity. The PIM-1 membrane had the best performance in 









However, this PIM-1 membrane showed plasticization below 15 atm of CO2 
feed pressure [45] and around 1 atm of C3H6 feed pressure [20], while our 
membranes not only have comparable solubility and diffusivity coefficient but 












Table ‎5.5: Comparison of dual sorption behavior, solubility, and diffusivity 
































































6FDA-DAM/DABA (3/2)  









































































































































































































































 The units of kD is cm3 (STP)/cm3polymer. atm, C’H has units of cm3 (STP)/ cm3polymer, b has units of 
atm
-1









We have characterized the intrinsic gas transport properties of cross-linkable 
6FDA-based co-polyimides grafted by various CDs for CO2/CH4 and 
C3H6/C3H8 separations. The permeability, solubility and diffusion coefficients 
over a wide range of pressure have been investigated and interpreted using the 
dual-mode sorption and partial immobilization model. The parameters of this 
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model have been calculated and utilized to analyze the effects of pressure and 
annealing temperature on the transport behavior of these membranes. The 
following conclusions can be drawn:  
 
 Sorption isotherms of all gases in these membranes exhibit the typical 
dual-mode sorption behavior. The dual-mode sorption parameter C'H 
increases with an increase in annealing temperature while the 
parameters kD and b do not change significantly. The C'H increment is 
mainly attributed to the excess free volume or micro-pores formed by 
the decomposition of CDs. 
 Sorption of CH4 is much less than that of other gases due to its lower 
condensability and weak interaction with the polymer. Comparing to 
the membranes thermally treated at 200 ºC, the membranes thermally 
treated at 425 ºC have higher percentages of increase in CH4 and CO2 
solubility coefficients than C3H8 and C3H6 ones because the former has 
lower critical temperatures and small molecule sizes.  
 The permeability coefficients of CH4 in all membranes decrease with 
an increase in pressure. Whereas, the transport behavior of other gases 
is somehow different. Some membranes show significant CO2 and 
hydrocarbon-induced plasticization phenomena leading to permeability 
increases of CO2, C3H6 and C3H8 with an increase in pressure. 
 The values of DD, DH, and F are higher for membranes thermally 
treated at 425 ºC than those thermally treated at 200 ºC due to weaker 
hydrogen bonding and/or more porous micro-pores created because of 
the CD decomposition. 
 CD grafted membranes thermally treated at 425 ºC have almost equal 
or lower solubility selectivity than the original PI-425 membrane for 
CO2/CH4 and C3H6/C3H8 separations. The former also has much higher 
diffusion selectivity than the latter. As a consequence, diffusion 
selectivity plays a more important role than solubility in determining 
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Chapter 6:  Cross-linkable dual-layer hollow fiber membranes 
comprising β-Cyclodextrin 
6.1 Introduction 
The current state of gas separation membranes is largely beholden to the 
notable breakthroughs in both material science and membrane fabrication 
technology. The majority of gas separation membranes, in the early days, were 
largely fabricated in the form of asymmetric composite flat or hollow fiber 
membranes with a selective layer made from a neat material [1-3].  
 
The asymmetric structure of hollow fibers not only could considerably reduce 
the transport resistance of gas species but also offer good mechanical support. 
The new features offered by the dual-layer hollow fiber membranes, in 
comparison to the traditional single-layer hollow fibers, created great 
potentials for material savings through substituting the expensive functional 
material with inexpensive alternatives in the support layer. Nonetheless, the 
fabrication of dual-layer hollow fiber membranes with desirable characteristics 
is still not a trivial task and requires careful considerations from the 
physicochemical properties of materials throughout the entire chain of dope 
formulation, spinning and phase inversion process. However, the complexity 
often arises from the simultaneous co-precipitation of two distinct materials 
with different formulations. An ideal dual-layer hollow fiber membrane should 
consist of an ultrathin dense functional layer and a porous substructure. In 
order to withstand high feed gas pressures, the dual-layer hollow fiber 
membrane must be free from any delamination at the interfacial region. 
Literatures indicate that the delamination problems can often be minimized or 
removed through promoting the integrity of two layers by choosing 
compatible materials or using spinnerets with modified designs [2-4].  
 
One of the key benefits of the dual-layer hollow fiber technology lies in the 
great opportunities provided for the exploitation of the wide range of high 
performance materials for membrane-based separation applications. 
Interestingly, only a few studies have been carried out for olefin/paraffin 




Lee and Hwang [5] investigated C3H6/C3H8 separation through an asymmetric 
hollow fiber membrane made of a 3,3′,4,4′-biphenyltetracarboxylic 
dianhydride (BPDA) based co-polyimide consisting of 4, 4’-oxydianiline 
(ODA) as the major diamine. They obtained propylene permeance varying 











.s.kPa)) and C3H6/C3H8 selectivity of about 15 in temperature 
and pressure ranges of 30–70 °C and 2–6 atm, respectively. They also reported 
that the performance of mixed gas data was consistent with the theoretical 
model using the single-gas permeation data. This implies no significant 
plasticization effect was observed.  
 
Krol et al. [6] reported that the asymmetric Matrimid polyimide hollow fiber 
membrane has quite lower C3H6/C3H8 separation performance than the BPDA-
based polyimide membrane mentioned above. They observed significant 
plasticization, especially by propylene, whereas the permeance of propane did 
not change much and showed a steady-state trend. They also reported that the 
plasticization resistance to propylene can also be improved by thermal 
treatment of the asymmetric Matrimid membrane at 220 °C.  
 
Okamoto et al. [7] investigated C3H6/C3H8 separation through an asymmetric 
hollow fiber membrane of a BPDA-based co-polyimide, of which the major 
and minor component diamines were dimethyl-3,7-diaminodiphenyl-
thiophene-5,5-dioxide (DDBT) and 3,5-diaminobenzoic acid (DABA), 
respectively. However, the membrane showed low separation performance for 
mixed gases with propylene permeance of 1.8 GPU and C3H6/C3H8 selectivity 
of 3.7 at 100 °C and 1 atm. Considering the current performance of polymeric 
membranes for olefin/paraffin separation, advances in materials  research and 
hollow fiber fabrication are urgently needed. 
 
To our best knowledge, this is the first study on the application of cross-
linkable co-polyimide for fabrication of dual-layer hollow fiber membranes 
for both CO2/CH4 and olefin/paraffin separation. The main objective is to 
develop a novel approach that encompasses the synergistic advantages of the 
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cross-linking and the membrane fabrication process for high performance gas 
separation applications. Indeed, this work can be regarded as an extension to 
our earlier studies on Chapter 4 that reported the development of high 
performance dense flat sheet membranes. Attempts were made in this study to 
unravel the underlying mechanisms and engineering to scale up the flat dense 
membranes to dual-layer hollow fiber membranes with desirable features.  
 
In this respect, dual-layer hollow fiber membranes consisting of 6FDA-Durene 
as an inner layer and 6FDA-Durene/DABA (9/1) grafted with β-Cyclodextrin 
(PI-g-β-CD) as an outer layer were prepared. The effects of spinning 
parameters such as dope flow rate and take-up velocity and post-treatment 
conditions such as annealing temperature and silicone rubber coating on 
morphological and gas transport properties of hollow fiber membranes were 
investigated. The resultant hollow fiber membranes were analyzed for the 
separation of CO2/CH4 and C3H6/C3H8 gases. It is believed that the knowledge 
and experience gained throughout this study can create greater opportunities 
for further advancements of gas separation membranes. 
 
6.2 Results and discussion 
6.2.1 Morphology of the dual-layer hollow fiber membranes 
Preferably, dual-layer hollow fiber membranes shall contain a thin functional 
outer layer and a fully porous supporting inner layer [8-10]. The cross-
sectional morphologies of the dual-layer hollow fiber membranes spun at 
different conditions are illustrated in Figure 6.1 and the bulk and surface 
morphologies of the dual-layer hollow fiber membranes spun at condition B 
are demonstrated in Figure 6.2. As can be seen, Figure 6.1 verifies that the 







Figure ‎6.1: Cross-section morphologies of the dual-layer hollow fiber 
membranes spun at different conditions 
 
The outer diameter (OD) of the fibers before a thermal treatment is in the 
range of 380-710 μm and the wall thickness (Δh) is in the range of 60-150 μm. 
As a result, except fibers spun from condition C, most fibers have OD/2Δh 
ratios close to 2 and have the required resistance against the high pressure 
during gas separation [10]. The bulk of the inner layer is a macrovoid-free 
structure and both the outer and inner surfaces of the inner layer are highly 
porous. This means that the support layer will not produce additional gas 
transport resistance. According to Figure 6.2, before thermal treatment the 
structure of the outer layer is asymmetric and macrovoid-free with a dense 
skin layer of about 2 µm or less at the outer edge. At a magnification of 
10,000, the outer surface of the outer layer is apparently dense while the inner 
surface is porous.  
The relatively thin and dense skin at the outer layer, and the porous interface 
and bulk morphologies of the hollow fibers are desirable for achieving 





Figure ‎6.2: Bulk and surface morphologies of the dual-layer hollow fiber 
membranes spun at condition B. 
 
6.2.2 Effect of take-up velocity on gas separation performance 
The gas transport properties of the fibers before and after silicone rubber 
coating are summarized in Tables 6.1 and 6.2, respectively. To simplify the 
sample identification, samples were named according to the ‘spinning 
condition, final treated temperature (25 for untreated fibers) and condition”. 
‘BSRC’ denotes “before silicon rubber coating”, while ‘ASRC’ means “after 
silicon rubber coating”. For example, A-350-ASRC is for the fiber spun at 
condition A, thermally treated temperature of 350 °C and then silicon rubber 
coating. For samples A, B and C when fibers were spun with increasing take 
up speed from 4 to 11.8 m/min, their permeances decrease as the take-up 
velocity increases for all the tested gases as shown in the top of Figures 6.3 
and 6.4. This reduction phenomenon is most obvious for the fibers before 
silicon rubber coating. After silicon rubber coating, the degree of reduction is 
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much reduced, especially for samples spun at a velocity between 7.4 to 11.8 
m/min.  
 
Table ‎6.1: Gas separation performance of dual-layer hollow fiber membranes 
at different conditions before silicon rubber coating 
Condition 
Heat treatment 
temperature ( °C) 
Hollow fiber 
code 
Permeance (GPU)  Selectivity 
CO2 CH4 C3H6 C3H8  CO2/CH4 C3H6/C3H8 
A 
Precursor A-25  -BSRC 283 186 125 72   1.53 1.74 
350 A-350-BSRC 202 69 81 24   2.93 3.3 
400 A-400-BSRC 168 19 66 8.3   8.96 7.95 
B 
Precursor B-25  -BSRC 138 22 75 11   6.22 6.52 
350 B-350-BSRC 118 12 56 7.0   9.53 8.03 
400 B-400-BSRC 103 6.3 49 4.3   16.3 11.5 
C 
Precursor C-25  -BSRC 107 27 38 8.2   3.97 4.62 
350 C-350-BSRC 104 15 33 6.1   6.96 5.54 
400 C-400-BSRC 99 6.4 27 2.5   15.4 10.8 
D 
Precursor D-25  -BSRC 194 36 93 20   5.39 4.72 
350 D-350-BSRC 161 21 83 13   7.55 6.27 
400 D-400-BSRC 134 8.6 73 7.0   15.5 10.5 
E 
Precursor E-25  -BSRC 324 191 130 58   1.69 2.24 
350 E-350-BSRC 225 92 103 40   2.45 2.55 
400 E-400-BSRC 205 27 86 17   7.54 5.12 
 
Table ‎6.2: Gas separation performance of dual-layer hollow fiber membranes 
at different conditions after silicon rubber coating 
Condition 
Heat treatment 
temperature ( °C) 
Hollow fiber 
code 
Permeance (GPU)  Selectivity 
CO2 CH4 C3H6 C3H8  CO2/CH4 C3H6/C3H8 
A 
Precursor A-25  -ASRC 155 18 77 9.2   8.67 8.43 
350 A-350-ASRC 120 11 57 5.9   10.5 9.56 
400 A-400-ASRC 99 9.0 48 3.9   11.1 12.3 
B 
Precursor B-25  -ASRC 95 6.6 45 3.5   14.3 12.9 
350 B-350-ASRC 90 5.3 32 2.4   16.9 13.3 
400 B-400-ASRC 84 4.5 29 1.9   18.7 15.3 
C 
Precursor C-25  -ASRC 89 5.4 22 1.7   16.6 13.2 
350 C-350-ASRC 86 4.6 19 1.3   18.7 14.3 
400 C-400-ASRC 81 4.1 17 1.1   19.9 15.6 
D 
Precursor D-25  -ASRC 129 9.7 66 5.8   13.3 11.4 
350 D-350-ASRC 103 6.4 56 4.6   16.1 12.1 
400 D-400-ASRC 96 5.5 44 3.3   17.6 13.1 
E 
Precursor E-25  -ASRC 148 36 89 14   4.12 6.21 
350 E-350-ASRC 126 17 74 9.5   7.26 7.84 





Interestingly, before silicon rubber coating, as the take-up velocity is varied 
from 4 to 7.4 m/min, higher selectivities are obtained, but a further increase in 
take-up velocity to 11.8 m/min results in lower selectivities. However, after 
silicon rubber coating, both CO2/CH4 and C3H6/C3H8 selectivities increase as 









Figure ‎6.3: CO2/CH4 separation performance of dual-layer hollow fiber 
membranes at different conditions. 
 
Two hypotheses are proposed to account for the influence of various take-up 
velocities on gas permeances and selectivities. Firstly, the elongational draw 
ratios corresponding to the take-up velocity of 4, 7.4, and 11.8 m/min are 3.3, 
6.7, and 16.7, respectively. This means that spinning at a higher take-up 
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velocity induces a higher elongational stress on the extruded fibers before 
entering and precipitation in the external coagulant bath. Even though the 
outer surface of the fibers is quite dense and gas transport phenomenon is 
controlled by the solution-diffusion mechanism, Knudsen diffusion via the 
larger pores is commonly present. The higher elongational stress may decrease 
the amount of Knudsen pores in the dense outer skin. To validate this claim, 
the gas transport properties of hollow fiber membranes were quantified after 
silicon rubber coating. According to Table 6.2, the gas permeances of the 
hollow fibers after silicone rubber coating decrease as a result of the effective 
sealing of Knudsen pores and large pores. The effect of shear stress on hollow 
fiber membranes during the spinning process has been investigated by Wang 
and Chung [11]. They have reported that increasing shear stress during 
spinning changes the surface porosity of the membranes. The results presented 
here suggest that the change in elongational stress may introduce a similar 
change in the surface porosity of the membranes.  
 
Another hypothesis to explain the observed phenomenon is the change in 
polymer chain packing which is induced by the elongational stress. In an 
earlier work by Peng and Chung [12], the influence of elongational draw ratio 
on the O2/N2 transport properties of Torlon single-layer hollow fibers was 
investigated. They found that the O2/N2 selectivity shows an up-and-down 
trend with increasing draw ratio. The first increase in O2/N2 selectivity is 
attributed to the improved elongation- induced chain packing which makes 
more mono disperse space. The reverse trends are observed after an optimal 
draw ratio of about 10, and this can be according to the creation of minor 
defects from the overstretching of polymer chains. Compared to our present 
work, a similar up-and-down relationship between CO2/CH4 and C3H6/C3H8 
selectivities and draw ratio (or take-up velocity) is observed for the fibers 
before silicon rubber coating. After silicon rubber coating, the selectivities 
increase with increasing the take-up velocity. This phenomenon implies that 
silicone rubber may seal the Knudsen pores and minor defects and recover the 
selectivities. This improvement is more obvious for samples spun with a 
higher take-up velocity that may have more defects because of the 












Figure ‎6.4: C3H6/C3H8 separation performance of dual-layer hollow fiber 
membranes at different conditions. 
 
6.2.3 Effect of outer-layer dope flow rate on gas separation performance 
A comparison of gas separation performance for samples B, D and F which 
were spun with a decrease in outer-layer dope flow rate from 0.5 to 0.2 m/min, 
the permeances of all gases increase with a decrease in outer-layer dope flow 
rate as summarized in Tables 6.1 and 6.2 and illustrated in Figures 6.3 and 6.4 
for CO2/CH4 and C3H6/C3H8 separation, respectively. This is due to a thinner 
skin layer that leads to reduce mass transfer resistance of the outer layer. It is 
also obvious that the selectivities decrease with a reduction in outer-layer dope 
flow rate. This can be caused by the formation of defects at the outer surface 
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of the outer layer during the spinning process. Since there is a velocity 
difference between the inner-layer and the outer-layer dopes and the inner-
layer dope velocity at the exit of the spinneret is higher than the outer-layer 
dope, it may suddenly accelerate the outer-layer dope velocity and apply 
additional stresses to the thin-skinned outer layer and hence induce defects [8]. 
Therefore, a lower outer-layer dope flow rate does not necessarily lead to the 
formation of an ultrathin dense-selective layer and in this work the optimal 
outer-layer dope flow rate is 0.5 ml/min. 
 
6.2.4 Effect of thermal treatment and silicon rubber coating on gas 
separation performance 
In previous Chapters using dense flat membranes made of the same co-
polyimide (PI-g-β-CD), cross-linking was found to commence at about 350 
°C. The partially cross-linked dense films treated at 400 or 425 °C for 2 h 
show reasonably flexible and impressively high permeabilities. The same 
conditions were employed to thermally treat these dual-layer hollow fiber 
membranes but the resultant hollow fibers were quite dense. For polymers 
containing carboxylic groups, the thermal treatment can result in two possible 
phenomena: thermally induced cross-linking and densification. Although there 
have been some studies reported on the effect of thermal treatment 
temperature and duration on the degree of cross-linking [13-17], relatively less 
studies have been devoted to understand the influence of membrane thickness 
on the degree of thermal cross-linking and densification especially for the 
hollow fiber membranes. Compared to conventional dense flat-sheet 
membranes, hollow fiber membranes have a much thinner selective skin layer 
and asymmetric structure, which may facilitate the higher heat transfer during 
thermal treatment and result in a higher degree of cross-linking and excessive 
densification of the dense selective layer, thus reducing the permeance of the 
hollow fibers [18]. Therefore, 350 or 400 °C for 1 h were employed in this 
work and the effects of thermal treatment on fiber morphology and separation 
performance were investigated. 
 
As shown in Figure 6.5, thermal treatment temperature has a significant effect 
on fiber morphology. The diameter of the fibers shrinks around 15 and 21% 
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for fibers treated at 350 and 400 °C, respectively. In comparison with 400 °C 
treated fibers as illustrated in Figures 6.3 and 6.4, 350 °C treated fibers show 
lower selectivities and higher permeances close to those of pristine fibers, 
suggesting a lower degree of cross-linking. A supportive evidence of this 
claim can be verified by the fiber dissolution test [18] in hot NMP at 110 °C; 
the 350 ºC treated fibers were dissolved much faster than 400 ºC treated fibers. 
A higher selectivity observed in the 400 °C treated fibers suggests that the 
decrease in permeance can be attributed to skin layer densification occurring 
between 350 and 400 ºC thermal treatment. This densification may mitigate 
defects in the skin layer of the outer layer and decrease the Knudsen pores. As 
a result, the selectivities of the 400 ºC treated hollow fibers after silicon rubber 
coating are approaching the selectivities of the 400 ºC treated dense film as 
listed in Table 6.3.  
 
 
Figure ‎6.5: Comparison of cross-sectional morphologies of the fiber 
membranes spun at condition B at different thermal treatment temperature 
 
It is well known that silicone rubber coating can decrease the effect of defects 
on separation performance. A comparison of permeance before and after 
silicon rubber coating in Figure 6.3 and Figure 6.4 indicates that the effect of 
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coating is more pronounced for precursor and low-temperature thermally 
treated membranes than high-temperature thermally treated membranes. After 
the coating, the selectivities increase significantly for precursor fibers and the 
fibers treated at 350 ºC. However, for the fibers thermally treated at 400 ºC, 
the increase in selectivities is small but the reduction in permeance still 
remains large. This indicates that fibers treated at 400 ºC have a less amount of 
defects and Knudsen pores in the selective skin, but the silicon rubber may 
create additional transport resistance. In addition to depositing it on top of the 
outer surface, the silicone rubber solution could also penetrate into the top 
surface region and fill out part of micropores [19, 20]. This intrusion may 
significantly reduce permeance and this effect is more significant for hollow 
fibers thermally treated at lower temperatures than at high temperatures.  
 
Table ‎6.3: Intrinsic gas transport properties of flat dense PI-g-β-CD co-






)  Selectivity 
CO2 CH4 C3H6 C3H8  CO2/CH4 C3H6/C3H8 
PI-g-β-CD-200 °C 238 12 10 0.67  20.67 15.05 
PI-g-β-CD-350 °C 593 37 18 1.4  15.91 12.15 
PI-g-β-CD-400 °C 772 41 81 5.7  18.65 13.88 
a
. Pure gas permeation tests done at 35 °C and 1.01 × 106 Pa (10 atm)  
b






 s cmHg) 
 
According to Tables 6.1 and 6.2, without silicon rubber coating, sample D-
400-BSRC (spun from condition D and thermally treated at 400 ºC) show the 
best CO2/CH4 separation with a CO2 permeance of 130 GPU and a selectivity 
of 15.5. After silicon rubber coating, sample C-400-ASRC (spun from 
condition C and thermally treated at 400 ºC) shows the best selectivity of 20 
and a CO2 permeance of 82 GPU. 
 
6.2.5 CO2 plasticization and mixed gas permeation experiments 
As mentioned earlier, plasticization is unpleasant in gas separation processes. 
The newly developed hollow fibers before and after thermal treatments were 
tested under various CO2 pressures in order to explore their potential in 
aggressive and harsh environments. Figure 6.6 illustrates the effect of thermal 
treatment temperature and silicon rubber coating on CO2-plasticization 
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behavior for fibers spun from condition B. Without thermal treatment, fibers 
with and without silicon rubber coating, exhibit plasticization at a CO2 
pressure of around 7 atm. By increasing the thermal treatment temperature, the 
plasticization pressure increases. It’s obvious that cross-linking reactions at 
high temperatures enhance anti-plasticization properties. The 400 ºC thermally 
treated fibers display anti-plasticization characteristics up to 25 atm due to a 
higher degree of cross-linking reaction. 
 
 
Figure ‎6.6: Plasticization behavior of fiber membranes spun at condition B at 
different thermal treatment temperature before and after silicon rubber coating 
 
To explore potential applications of natural gas purification, it is important to 
achieve a high selectivity for CO2/CH4 mixed gas experiments. In this study, 
mixed gas experiments were conducted using a 50:50 feed mixture of 
CO2/CH4 with a total feed pressure of 20 atm at room temperature. Table 6.4 
summarizes the gas permeance and selectivity of dual layer hollow fiber 
membranes spun at condition B, thermally treated at 400 ºC and then coated 
with the silicon rubber (B-400-ASRC). The pure gas data listed in the table are 
different from those reported in Table 6.2 due to the different upstream and 
downstream pressures used in the tests (the downstream is connected to the 
vacuum and the selectivities are higher). As can be seen in Table 6.4, the 
permeances of B-400-ASRC membranes in mixed gas tests slightly decrease 
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while the selectivity is almost the same as those in pure gas tests. The mixed 
gas results signify that the developed fibers display a good CO2 anti-
plasticization behavior under a high pressure which can be a good candidate 
for industrial applications. 
 
Table ‎6.4: Mixed gas permeance and selectivity of the dual-layer hollow fiber 











 Permeance  
(GPU) 
 Selectivity 
CO2 CH4  CO2/CH4  CO2 CH4  CO2/CH4 
B-400-ASRC 97 3.4  28.63  77 2.7  28.26 
a
 Measured at 10 atm and room temperature 
b
 Measured at 20 atm and room temperature 
 
6.2.6 Comparison of C3H6/C3H8 separation performance of hollow fiber 
membranes 
According to Tables 6.1 and 6.2, without silicon rubber coating, sample D-
400-BSRC (spun from condition D and thermally treated at 400 ºC) show the 
best C3H6/C3H8 separation with a C3H6 permeance of 73 GPU and a selectivity 
of 10.5.  After silicon rubber coating, sample B-400-ASRC (spun from 
condition B and thermally treated at 400 ºC) shows the best selectivity of 15.3 
and a C3H6 permeance of 29 GPU. 
 
There is a considerable amount of literature data presented in Table 6.5 for the 
application of various single layer hollow fiber polyimide membranes for 
olefin/paraffin separation. Compared to them, the newly developed 
membranes have a higher permeance with moderate selectivities. The best 
performance of the previous studies in Table 6.5 has a C3H6 permeance of 51 
GPU and a C3H6/C3H8 selectivity of 12. However, this BPDA-DDBT/DABA 
polyimide was pyrolyzed at 600 ºC and it is a carbon membrane [7], while our 
membranes have comparable separation performance but thermally treated at 





Table ‎6.5: C3H6/C3H8 separation performance of polyimide and co-polyimide 
hollow fiber membranes 
Polymer Condition T/P (°C/atm) PC3H6 (GPU) αC3H6/C3H8 Ref. 
6FDA/BPDA (1/1) -DDBT ---- 100/1.0 (3.6) (15) [21] 
---- 50/1.0 (1) (20) [21] 
---- 35/1.0 (0.51) (20) [21] 
---- 35/1.0 0.6 24 [21] 
Silicon Rubber Coating 100/1.0 (2.55) (17) [21] 
Silicon Rubber Coating 35/1.0 (0.58) (29) [21] 
Silicon Rubber Coating 35/1.0 0.5 33 [21] 
Silicon Rubber Coating 50/1.0 (0.8) (26.6) [21] 
Silicon Rubber Coating 50/1.5 (0.78) (26) [21] 
Silicon Rubber Coating 50/3.0 (0.71) (25.5) [21] 
Silicon Rubber Coating 50/5.0 (0.62) (24.5) [21] 
BPDA-DDBT/DABA ---- 100/1.0 (2.2) (5.7) [21] 
6FDA-BAAF ---- 20/4.0 0.3 24 [21] 
6FDA/BPDA (1/1) -DDBT ---- 100/1.0 (2.9) (12) [22] 
Pyrolyzed @ 500 °C 100/1.0 (11) (12) [22] 
Pyrolyzed @ 520 °C 100/1.0 (18) (14) [22] 
Pyrolyzed @ 550 °C 100/1.0 (27) (14) [22] 
Pyrolyzed @ 600 °C 100/1.0 (21) (14) [22] 
Pyrolyzed @ 650 °C 100/1.0 (12) (19) [22] 
Pyrolyzed @ 700 °C 100/1.0 (0.74) (15) [22] 
Polyimide (UBE, Japan) ---- 30/2.0 0.843 14.5 [5] 
---- 30/3.0 0.870 14.7 [5] 
---- 30/4.0 0.902 14.5 [5] 
---- 30/5.0 0.925 15.1 [5] 
---- 70/2.0 1.558 16.6 [5] 
---- 70/3.0 1.585 15.8 [5] 
---- 70/4.0 1.622 15.9 [5] 
---- 70/5.0 1.654 16.1 [5] 
Matrimid® ---- 27/1.0 0.10 8 [6] 
---- 27/2.0 0.14 14 [6] 
---- 27/3.0 0.18 24 [6] 
---- 27/3.5 0.22 29 [6] 
Treatment @ 150 °C, 5 min 27/1.0 0.10 ---- [6] 
Treatment @ 150 °C, 5 min 27/2.0 0.11 ---- [6] 
Treatment @ 150 °C, 5 min 27/3.0 0.12 ---- [6] 
Treatment @ 150 °C, 5 min 27/3.5 0.17 ---- [6] 
Treatment @ 250 °C, 5 min 27/1.0 0.08 ---- [6] 
Treatment @ 250 °C, 5 min 27/2.0 0.07 ---- [6] 
Treatment @ 250 °C, 5 min 27/3.0 0.07 ---- [6] 
Treatment @ 250 °C, 5 min 27/3.5 0.07 ---- [6] 
BPDA-DDBT/DABA ---- 100/1.0 (1.8) (3.7) [7] 
Pyrolyzed @ 600 °C 100/1.0 51 12 [7] 
PI-g-β-CD/6FDA-Durene A-400-ASRC 25/3.5 48 12.3 
This 
Study 
B-400-BSRC 25/3.5 49 11.5 
B-400-ASRC 25/3.5 29 15.3 
C-400-ASRC 25/3.5 17 15.6 
D-400-BSRC 25/3.5 73 10.5 
D-400-ASRC 25/3.5 44 13.1 
The data in parentheses were obtained from mixed-component systems with a feed composition of 





In this work cross-linkable co-polyimide dual layer hollow fiber membranes 
with high gas separation performance for CO2/CH4 and C3H6/C3H8 have been 
fabricated. The effects of spinning and thermal treatment conditions on the gas 
separation performance of these membranes were investigated.  
 
Experimental results show that permeances decrease with increasing take-up 
velocity. Before silicon rubber coating, higher selectivities can be obtained by 
increasing take-up velocity from 4 to 7.4 m/min. A further increase in take-up 
velocity to 11.8 m/min results in lower selectivities due to defect formation. 
On the other hand, after silicon rubber coating, the CO2/CH4 and C3H6/C3H8 
selectivities increase as the take-up velocity increases. In addition, permeances 
increase with a reduction in outer-layer dope flow rate due to the thinner skin 
layer and lower transport resistance. However, selectivities decrease when the 
outer-layer dope flow rate decreases owing to defect formation.  
 
For as-spun (i.e., pristine and without heat treatment) fibers, the optimal 
spinning condition was found to have a take-up velocity of 7.4 m/min with an 
outer layer dope flow rate of 0.5 ml/min. The resultant fiber shows a CO2/CH4 
selectivity of 6.22 and 14.3 before and after silicon rubber coating, 
respectively and also C3H6/C3H8 selectivity of 6.52 and 12.9 before and after 
silicon rubber coating, respectively.  
 
Thermal treatment temperature plays a significant role on fiber morphology. 
Fiber diameters shrunk after treatment. The 350 ºC treated fibers show higher 
permeances and lower selectivities close to those of untreated fibers, while the 
400 ºC treated fibers show higher selectivities but lower permeances due to the 
skin densification and a higher degree of cross-linking. As a result, the silicon 
rubber coating has a less effect on the 400 ºC treated fibers than the 350 ºC 
treated fibers. 
 
For CO2/CH4 separation, without silicon rubber coating, sample D-400-BSRC 
show the best CO2/CH4 separation with a CO2 permeance of 130 GPU and a 
selectivity of 15.5. After silicon rubber coating, sample C-400-ASRC shows 
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the best selectivity of 20 and a CO2 permeance of 82 GPU. For C3H6/C3H8 
separation, without silicon rubber coating, sample D-400-BSRC show the best 
C3H6/C3H8 separation with a C3H6 permeance of 73 GPU and a selectivity of 
10.5.  After silicon rubber coating, sample B-400-ASRC shows the best 
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Chapter 7:  Thermal cross-linkable co-polyimide/ZIF-8 mixed 
matrix membranes 
7.1 Introduction 
In this Chapter, we aimed to synergistically combine the strengths of ZIF-8 
and cross-linkable polyimide and to molecularly design MMMs for natural gas 
purification and olefin/paraffin separation. 6FDA-Durene/DABA co-
polyimides with different molar ratios of Durene to DABA diamine and nano-
size ZIF-8 particles were synthesized for the fabrication of MMMs. The 
6FDA-Durene polyimide, 6FDA-Durene/DABA (9/1) co-polyimide, and 
6FDA-Durene/DABA (7/3) co-polyimide (referred as PI, CPI (9/1), and CPI 
(7/3), respectively) were chosen because of their impressive performance for 
CO2/CH4 and C3H6/C3H8 separation [1-8]. The effects of (1) diamine ratio 
(i.e., the ratio of Durene to DABA monomers in the co-polyimide structure), 
(2) annealing temperature (i.e., different degrees of cross-linking) and (3) 
plasticization phenomenon on membrane separation performance would be 
systemically investigated. Permeation properties of thermally treated 6FDA-
Durene/DABA-ZIF-8 MMMs with different ZIF-8 loadings would be 
conducted using pure CO2, CH4, C3H6, C3H8, and mixed CO2/CH4. To our best 
knowledge, this is the first study on the application of thermal cross-linkable 
co-polyimide/ZIF-8 mixed matrix membranes for CO2/CH4 and olefin/paraffin 
separation. 
 
7.2 Results and discussion 
7.2.1 Characterizations 
The weight losses of pure ZIF-8 and CPI (9/1) with different ZIF-8 loadings as 
a function of temperature in air atmosphere are shown in Figure 7.1. From 300 
°C to 450 ºC, there is a weight loss of less than 5% in the pure ZIF-8 
spectrum, which may be attributed to residual solvents or reactant molecules 
trapped in the nano-crystals during synthesis and post-treatment, as reported 
by Song et al. [9]. As seen from the TGA curves, 6FDA-Durene/DABA (9/1) 
(CPI (9/1)), ZIF-8 and their MMMs all exhibit excellent thermal stability up to 






Figure ‎7.1: Thermo gravimetric analyses of pure CPI (9/1), ZIF-8 and CPI 
(9/1) - ZIF-8 MMMs under air atmosphere 
 
The first stage of weight loss of around 10 % is detected at 350-450 ºC, which 
is caused by the decarboxylation of the DABA moiety in the co-polyimide [3-
5]. In the second stage, additional 90 % weight loss occurs from 450 to 600 ºC 
mainly due to the decomposition of CPI (9/1). The TGA spectra of CPI (9/1) – 
ZIF-8 MMMs also have these two stages of decomposition. Since CPI (9/1) is 
completely decomposed in the second stage and only zinc oxide remains [10], 
the exact loading of ZIF-8 in the membrane can be calculated according to the 
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stoichiometric amount of remaining zinc oxide. Table 7.1 tabulates the exact 
ZIF-8 loadings in various MMMs and show that there are no much differences 
between the pre-weight and TGA methods.   
 
Table ‎7.1: Single gas separation performance of CPI (9/1) – ZIF-8 MMMs 
with different ZIF-8 loading (Annealed at 200 ºC during sample preparation) 
Membrane ID 
Actual ZIF-8  





Permeability (Barrer)   Selectivity 
CO2 CH4 C3H6 C3H8   CO2/CH4 C3H6/C3H8 
CPI(9/1) - 0 wt% ZIF-8 0 411 256 13.1 13.2 1.13   19.51 11.68 
CPI(9/1) - 5 wt% ZIF-8 4.6  261 13.2 14.9 1.14   19.72 13.12 
CPI(9/1) - 10 wt% ZIF-8 8.4 412 301 15.7 17.1 1.15   19.15 14.86 
CPI(9/1) - 15 wt% ZIF-8 13.9  351 17.7 18.2 1.14   19.85 15.97 
CPI(9/1) - 20 wt% ZIF-8 20.4 414 392 19.2 20.5 1.14   20.45 18.08 
CPI(9/1) - 30 wt% ZIF-8 31.2  602 30.2 29.7 1.28   19.94 23.18 
CPI(9/1) - 40 wt% ZIF-8 41.9 416 779 37.4 47.3 1.73   20.85 27.38 
 
The glass transition temperatures (Tg) of all membranes were determined by 
differential scanning calorimetry (DSC). The PI shows a Tg of 417 ºC which is 
consistent with the value in the literature [11]. Tg of the membranes decreases 
with increasing DABA moiety in the polymer structure. The glass transition 
temperatures of 6FDA-Durene/DABA (9/1) (CPI (9/1)) and 6FDA-
Durene/DABA (7/3) (CPI (7/3)) are around 411 and 392 °C, respectively. As 
can be seen in Table 7.1, Tg also increases with ZIF-8 loading. A similar 
phenomenon on Tg rise have been reported on MMMs consisting of zeolite 
[12] and MgO [13] particles due to chain rigidification. Clearly, there are 
changes in polymer packing structure after adding DABA and ZIF-8 nano-
particles into the matrix polymer.   
 
Dynamic light scattering (DLS) was employed to measure the apparent 
particle size distribution in CPI (9/1)/ZIF-8 suspensions. DLS can be a direct 
evidence of particle agglomeration if it exists [14]. Three suspensions were 
prepared in different conditions and kept in room temperature for 24 hrs prior 
to characterization. The first solution consisted of as-synthesized ZIF-8 
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particles suspending in methanol. The as synthesized ZIF-8 particles were 
collected before centrifugation and washing. The second solution was made of 
ZIF-8 particles suspending in NMP. The ZIF-8 particles were obtained after 
centrifugation, washed by NMP, and re-suspended in NMP. The third one was 
a solution consisting of ZIF-8 and CPI (9/1) in NMP. As shown in Figure 7.2, 
the particle size distribution shifts slightly toward big particles after 
redistributing ZIF-8 in NMP and then CPI (9/1)/NMP solutions. However, the 
shifts are not big for dense membranes. The aggregation of particles after 
washing with NMP can be due to changing the media. After changing the 
media, particles have more tendencies to aggregate in NMP than Methanol due 
to the different energy of interaction between the particles and media. 
 
 
Figure ‎7.2: ZIF-8 particle size distribution 
 
Figure 7.3 shows the XRD patterns of pure CPI (9/1), ZIF-8, and CPI (9/1) - 
ZIF-8 MMMs between 5° and 35° in order to determine their crystalline 
structures. The XRD pattern of pure CPI (9/1) shows a broad peak from 8° to 
22°, which is a characteristic of amorphous structure and is consistent with the 
reported XRD pattern for CPI (9/1) in the literature [4]. The diffraction 
patterns of CPI (9/1) - ZIF-8 MMMs display intense, characteristic ZIF-8 
crystalline peaks matching extremely well with pure ZIF-8 and CPI (9/1) 
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patterns, proving that ZIF-8 and CPI (9/1) structures are present in the 
membranes. In addition, the intensity of characteristic peaks of ZIF-8 
increases with increasing ZIF-8 loading in MMMs. Figure 7.3 also shows the 
XRD patterns of CPI (9/1) - 20 wt% ZIF-8 MMMs annealed at different 
temperatures. The annealing temperature does not affect too much on the ZIF-
8 structure and the characteristic peaks of ZIF-8 nano-particles are still 
detectable in the XRD spectra. 
 
 
Figure ‎7.3: XRD pattern of pure CPI (9/1), ZIF-8, and CPI (9/1) - ZIF-8 
MMMs with various ZIF-8 loading and CPI (9/1) – 20 wt% ZIF-8 MMMs at 
different annealing temperatures 
 
Figure 7.4 displays the FESEM images of ZIF-8 nano-particles and the cross-
section morphology of MMMs with different ZIF-8 loadings. The ZIF-8 nano-
particles are dispersed uniformly in the polymer matrix and there is no 
evidence of phase separation even at the highest loading of 40 wt%. As the 
ZIF-8 loading increases to around 40 wt%, the continuous phase gradually 
shifts from CPI (9/1) to ZIF-8. No interfacial gaps are observed between the 
polymeric phase and the nano-particle phase, indicating good compatibility 
between CPI (9/1) and ZIF-8. The good compatibility may be resulted from 
two factors; namely, (1) the small size of ZIF-8 nano-particles of less than 80 
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nm and (2) the use of the same solvent (i.e., NMP) for both ZIF-8 and CPI 
(9/1) solutions. As a result, ZIF-8 nano-particles remain in a suspension state 
before being casted to form membranes.  
 
 
Figure ‎7.4: FESEM morphologies of CPI (9/1) – ZIF-8 MMMs with various 
ZIF-8 loadings without annealing 
 
 
Figure ‎7.5: SEM-EDX mapping for Zn from the cross-section of CPI (9/1) – 




Figure 7.5 reconfirms the uniform dispersion of ZIF-8 nano-particles in 
MMMs with different ZIF-8 loadings by mapping the Zn element with the 
assistance of the energy-dispersive X-ray spectroscopy (EDX). Since zinc 
element exists only in ZIF-8 nano-particles, the uniform distribution of the Zn 
element noticeably confirms the uniform dispersion of ZIF-8 nano-particles in 
the polymer matrix. 
 
Figure 7.6 shows FESEM cross-section images of CPI (9/1) – 20 wt% ZIF-8 
MMMs after annealing at different temperatures. The MMM structure 
apparently transforms to a denser structure with an increase in annealing 
temperature due to chain densification and cross-linking reaction.  
 
 
Figure ‎7.6: FESEM morphologies of CPI (9/1) – 20 wt% ZIF-8 MMMs at 




7.2.2 Pure gas permeation experiments 
7.2.2.1 Effect of ZIF-8 loading on gas separation performance 
Figure 7.7 shows the gas permeability and ideal selectivity of CPI (9/1) - ZIF-
8 MMMs for CO2/CH4 and C3H6/C3H8 separation as a function of ZIF-8 
loading. At a low loading of 5% (w/w) ZIF-8, the gas separation performance 
of both pure CPI (9/1) and MMM are comparable for CO2/CH4 separation, 
while the MMM shows a higher C3H6/C3H8 selectivity than the pure CPI (9/1). 
At a high loading of 40% (w/w) ZIF-8, a significant higher permeability is 
observed for the CPI (9/1) – 40 wt% ZIF-8. Compared to the pure CPI (9/1) 
membrane, an 185% increase in CH4 permeability from 13.1 to 37.4 Barrers, 
204% for CO2 from 256 to 779 Barrers, 258% for C3H6 from 13.2 to 47.3 
Barrer and 53.1% for C3H8 from 1.13 to 1.73 Barrers are observed.  
 
  
Figure ‎7.7: Gas permeability and ideal selectivity trend of CPI (9/1) - ZIF-8 
MMMs with various ZIF-8 loadings for a) CO2/CH4 and b) C3H6/C3H8 
 
In terms of gas pair selectivity, there is a minor increment of 6.87% for the 
CO2/CH4 selectivity from 19.51 to 20.85 and a big increment of 134% for the 
C3H6/C3H8 selectivity from 11.68 to 27.38. These different degrees of 
enhancements in permeability and selectivity for CO2/CH4 and C3H6/C3H8 
separation are consistent with previous literatures [9, 10, 15-18]. The addition 
of ZIF nano-particles into the polymer matrix tends to increase the 
permeability not selectivity for CO2 and CH4 separation because of their small 
gas diameters and good interactions with ZIF-8 [9, 15]. Since the kinetic 








) and collision diameters (4.68 vs. 
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) of C3H6 and C3H8 are bigger than the pore size (3.4 
Ǻ) of ZIF-8 [19], ZIF-8 may have a sharp discrimination for the transport of 
this gas pair. In addition, C3H6 tends to have better sorption selectivity than 









) [20]. As a consequence, there is no surprise to observe a 
big increment in the C3H6/C3H8 selectivity. Since the pure ZIF-8 membrane 
has a C3H6/C3H8 selectivity of 122 and a permeability of 277 Barrer at 30 C 
[15], one may be able to estimate the separation performance of the MMMs 
made of CPI (9/1) with different ZIF-8 content by substituting these intrinsic 
values into the Maxwell equation [21-23]. Surprisingly, the calculated C3H6 
permeability and C3H6/C3H8 selectivity are close to our experimental data, as 
shown in Table 7.2. The permeability and selectivity of MMM made of CPI 
(7/3) – 20 wt% ZIF-8 are lower than calculated C3H6 permeability and 
C3H6/C3H8 selectivity. This can be due to the higher amount of DABA moiety 
in the structure of the CPI (7/3) that can increase the chance of the reaction 
between ZIF-8 nano-particles and the COOH group of the DABA moiety. This 
reaction may increase the selectivity of the membrane compared to calculated 
data.  
 
Table ‎7.2: Comparison between experimental data and calculated data by 
using the Maxwell equation 
 
Experimental Results   Calculated results*  
Perm.  
(Barrer)   
Selectivity  
 Perm.  
(Barrer)   
Selectivity  
C3H6   
C3H6/C3H8   C3H6   
C3H6/C3H8  
CPI (9/1) – 10 wt% ZIF-8 @ 200 ºC  17.1 
 
14.86  17.9 
 
14.46 
CPI (9/1) – 20 wt% ZIF-8 @ 200 ºC  20.5 
 
18.08  24.3 
 
17.87 
CPI (9/1) – 30 wt% ZIF-8 @ 200 ºC  29.7 
 
23.18  32.5 
 
21.90 
CPI (9/1) – 40 wt% ZIF-8 @ 200 ºC  47.3 
 
27.38  42.7 
 
26.55 
CPI (7/3) – 20 wt% ZIF-8 @ 200 ºC  19.1 
 




 The pure ZIF-8 membrane has a C3H6/C3H8 selectivity of 122 and a C3H6 permeability of 277 




7.2.2.2 Effect of Durene to DABA ratio on gas separation performance 
As mentioned earlier, three 6FDA-based polyimides were synthesized in this 
work. The Durene moiety may result in membranes with a high permeability 
due to the introduction of steric hindrance [24], while the DABA moiety 
provides a reactive acid site useful for grafting or cross-linking [3-6, 25, 26]. 
Since the cross-linking reaction occurred at elevated temperatures and 
produced phenyl radicals via decarboxylation of the COOH group, the phenyl 
radicals further attack other portions of the polyimide for cross-linking. The 
thermal induced cross-linking reaction is sensitive to the chemical structure of 
the polyimide and annealing temperature. Increasing DABA moiety in the 
polyimide structure can increase the chance of cross-linking.  
 
Table ‎7.3: Single gas separation performance of pure polyimides and 




Permeability (Barrer)   Selectivity 
CO2 CH4 C3H6 C3H8   CO2/CH4 C3H6/C3H8 
200 ºC 
PI 352 21 15 1.4   16.59 10.58 
CPI (9/1) 256 13 13 1.1   19. 51 11.68 
CPI (7/3) 158 6 10 0.7   25.48 14.17 
PI – 20 wt% ZIF-8 487 27 26 1.5   17.91 16.93 
CPI (9/1) – 20 wt% ZIF-8 392 19 21 1.1   20.45 18.08 
CPI (7/3) – 20 wt% ZIF-8 276 11 19 0.8   26.29 25.47 
350 ºC 
PI 432 31 18 1.9   13.80 9.53 
CPI (9/1) 392 23 16 1.4   17.42 11.67 
CPI (7/3) 369 15 15 0.9   24.44 15.91 
PI – 20 wt% ZIF-8 857 65 43 3.5   13.12 12.41 
CPI (9/1) – 20 wt% ZIF-8 604 35 37 2.1   17.24 17.43 
CPI (7/3) – 20 wt% ZIF-8 551 22 32 1.2   25.26 26.53 
400 ºC 
PI 541 41 30 3.2   13.11 9.31 
CPI (9/1) 519 27 28 1.9   19.01 14.42 
CPI (7/3) 429 17 25 1.4   25.96 17.26 
PI – 20 wt% ZIF-8 1090 84 55 4.6   12.96 11.94 
CPI (9/1) – 20 wt% ZIF-8 892 47 49 2.4   18.84 20.18 




Table 7.3 shows the gas separation performance as a function of Durene to 
DABA ratio and confirms our hypothesis. Both pure membranes and MMMs 
made of CPI (7/3) have higher selectivity but lower permeability than those 
made of CPI (9/1) regardless of annealing temperature.   
 
7.2.2.3 Effect of thermal treatment temperature on gas separation 
performance 
Table 7.3 also compares the gas separation performance of the pure membrane 
and MMMs comprising a 20 wt% ZIF-8 loading as a function of annealing 
temperature, while Figure 7.8 compares these MMMs with the tradeoff lines 
for CO2/CH4 and C3H6/C3H8 separation. 
 
  
Figure ‎7.8: Trade off lines of CO2/CH4 and C3H6/C3H8 separation 
 
 Interestingly, the pure membrane (i.e., 6FDA-Durene or PI), the MMM made 
of CPI (9/1), and the MMM made of CPI (7/3) show large enhancements in 
permeability but display different responses in selectivity with an increase in 
annealing temperature. Generally, permeability may increase with annealing 
temperature due to the breaking of hydrogen bonding [27] and thermal 
expansion [11]. The former is especially true for CPI (9/1) and CPI (7/3) 
polymers because they have strong hydrogen bonds among COOH groups of 
DABA [27], while the latter is true for 6FDA-Durene (i.e., PI) because its 
chain mobility and d-space increase with increasing annealing temperature due 
to the thermal expansion [11]. As a result, the ideal selectivity of PI and the 
 140 
 
MMM made of CPI (9/1) decreases with increasing annealing temperature. 
However, due to the thermally induced cross-linking reaction, the ideal 
selectivity of the MMM made of CPI (9/1) turns upward at a high annealing 
temperature of 400 C. Since CPI (7/3) has a high amount of cross-linkable 
COOH, the ideal selectivity of the MMM made of CPI (7/3) always increases 
with an increase in annealing temperature. Comparing to the trade-off lines, 
both MMMs made of CPI (9/1) and CPI (7/3) have reasonably high CO2/CH4 
separation performance but their C3H6/C3H8 separation performance is 
superior to the trade off line. 
 
7.2.3 Plasticization behavior and mixed gas experiments 
As aforementioned, plasticization is not desirable in gas separation processes. 
Plasticization is a pressure dependent phenomenon attributable to the 
dissolution of certain feed components within the polymer matrix. As feed 
pressure increases, gas permeability of glassy polymers usually decreases due 
to the saturation of Langmuir sites. However, gas permeability may start to 
increase at the plasticization pressure when a large amount of feed 
components dissolves into the polymeric membrane that facilitates inter-chain 
mobility [24, 25, 28, 29]. Figure 7.9 demonstrates the CO2 plasticization 
behavior of the PI – 20 wt% ZIF-8, CPI (9/1) – 20 wt% ZIF-8 and CPI (7/3) – 
20 wt% ZIF-8 MMMs after annealing at different temperatures.  
 
Three conclusions can be drawn. Firstly, all membranes annealed at 200 ºC 
show some degrees of plasticization phenomenon at a CO2 feed pressure of 
around 10 atm. Secondly, the MMMs made of PI (i.e., uncross-linkable 
6FDA-Durene) and then annealed at 300 and 400 ºC still undergo 
plasticization even though their plasticization pressures increase slightly to 
around 12-14 atm. Lastly, the MMMs made of cross-linkable CPI and then 
annealed at elevated temperatures display enhanced plasticization resistance 
against CO2. The degree of enhancement is dependent on the amount of cross-
linkable moiety (i.e., COOH) and annealing temperature. The MMM made of 
CPI (9/1) and 20 wt% ZIF-8 shows plasticization suppression characteristics 
up to 30 atm only when the annealing is conducted at 400 C, while the MMM 
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made of CPI (7/3) and 20 wt% ZIF-8 and annealed at 350 ºC already shows 
plasticization suppression characteristics up to about 30 atm. Clearly, the 
higher content of cross-linkable moiety and the higher annealing temperature 
would result in MMMs with a higher degree of cross-linking reaction and 




Figure ‎7.9: CO2 plasticization behaviour of a) PI – 20 wt% ZIF-8, b) CPI 
(9/1) – 20 wt% ZIF-8, and c) CPI (7/3) – 20 wt% ZIF-8 at different annealing 
temperatures. 
 
Table 7.4 compares the gas permeability and selectivity of CPI (9/1), CPI (9/1) 
– 20 wt% ZIF-8, and CPI (9/1) – 40 wt% ZIF-8 membranes thermally treated 
at different temperatures under pure and mixed gas tests. For mixed gas tests, 
the feed contains a mixture of CO2/CH4 (50/50) with a total feed pressure of 
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The mixed gas selectivity of the CPI (9/1) membrane annealed at 200 ºC drops 
tremendously when comparing with its pure gas data due to the effect of 
plasticization and sorption competition. For the MMMs made of CPI (9/1) and 
20 wt% ZIF-8 and 40 wt% ZIF-8 and then thermally treated at 200 ºC, their 
CO2 permeability and CO2/CH4 selectivity become lower while CH4 
permeability becomes higher in mixed gas tests. Clearly, plasticization and 
sorption competition continuously influence on their gas transport properties. 
Interestingly, the MMM made of CPI (9/1) and 20 wt% ZIF-8 and then 
thermally treated at 400 ºC overcomes the aforementioned trends. Not only 
does it improve the mixed gas selectivity from 18.84 to 19.61 but also 
decrease the CO2 permeability from 892 to 728 Barrer when comparing with 
pure gas data. This positive result is mainly due to the fact that thermal 
treatment at 400 ºC induces a high degree of cross-linking and thus enhances 
membrane’s plasticization suppression properties.  
 
Figure 7.10 illustrates the mixed gas permeation of CPI (9/1) – 20 wt% ZIF-8 
membranes as a function of CO2 pressure, thermally treated at 200 ºC and 400 
ºC. The mixed gas of CO2/CH4 (50/50) feed mixture was used to show the 






Figure ‎7.10: Mixed gas CO2 permeability as a function of feed pressure for 
CPI (9/1) – 20 wt% ZIF-8 membranes. a) thermally treated at 200 ºC, and b) at 
400 ºC. The permeability curves obtained with CO2/CH4 (50/50) at 35 ºC 
 
As shown in Figure 7.10a, the membrane without cross-linking (i.e., thermally 
treated at 200 ºC) appears to undergo plasticization at around 10 atm feed 
pressure. In contrast, Figure 7.10b shows that CO2 permeability of the cross-
linked membrane (i.e., thermally treated at 400 ºC) decreases with an 
increasing in feed pressure. Figure 7.10 also shows that the mixed gas 
CO2/CH4 selectivity of the cross-linked membrane decreases slightly with the 
increase of feed pressure, though the membrane without cross-linking dropped 
tremendously. It is obvious that the membrane without cross-linking was 
swelled or plasticized in a CO2/CH4 (50/50) mixture and the cross-linked 
membranes did not show plasticization behavior even up to a feed pressure of 
36 atm (500 psia).  
 
7.3 Conclusion 
In this work three 6FDA-based cross-linkable co-polyimide/ZIF-8 mixed 
matrix membranes with high gas separation performance for CO2/CH4 and 
C3H6/C3H8 were fabricated. The effects of ZIF-8 nano-particles and thermal 
treatment conditions on gas separation performance of these membranes have 
been investigated. The following conclusions can be made. 
 
 Experimental results show that permeability for all gases increases 




provided by ZIF-8 particles and increased distance among polymer 
chains. Ideal C3H6/C3H8 selectivity improves visibly with increasing 
ZIF-8 loading due to the inherently high selectivity of ZIF-8 for 
C3H6/C3H8 separation. Similar to other works, the addition of ZIF 
nano-particles into the polymer matrix mainly increases the 
permeability (i.e., not selectivity) for CO2/CH4 separation because of 
their small gas diameters and good interactions with ZIF-8.  
 
 Annealing and annealing temperature play significant roles on gas 
separation performance. For 6FDA-Durene (PI), 6FDA-Durene/DABA 
(9/1) (CPI (9/1)), 6FDA-Durene/DABA (7/3) (CPI (7/3)) polymers, 
permeability of all gases increases with an increase in annealing 
temperature up to 400 C due to the breakage of hydrogen bonds or 
thermal expansion, while ideal selectivity follows different trends 
depending on the existence of cross-linkable moiety and the degree of 
cross-linking. Generally, a higher ratio of Durene to DABA moiety 
may produce MMMS with a high permeability, while a higher ratio of 
DABA to Durene moiety may result in MMMs with a higher 
selectivity and plasticization resistance because DABA provides a 
reactive acid site for thermal cross-linking.  
 
 All membranes annealed at 200 ºC or below show severe plasticization 
phenomena at a CO2 pressure of about 10 atm, while MMMs made of 
uncross-linkable 6FDA-Durene and annealed at 350 and 400 ºC still 
undergo plasticization at around 12-14 atm. The enhancement in 
plasticization resistance is strongly dependent on the amount of cross-
linkable moiety (i.e., DABA or COOH) and annealing temperature. 
The MMM made of CPI (9/1) and 20 wt% ZIF-8 shows plasticization 
suppression characteristics up to 30 atm only when the annealing is 
conducted at 400 C. On the other hand, the MMM made of CPI (7/3) 
and 20 wt% ZIF-8 and annealed at 350 ºC already shows plasticization 
suppression characteristics up to about 30 atm. In summary, the higher 
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content of cross-linkable moiety and the higher annealing temperature 
would result in MMMs with higher resistance against plasticization. 
 
 The MMM made of CPI (9/1) and 40 wt% ZIF-8 and thermally 
annealed at 400 ºC possess impressive performance for C3H6/C3H8 
separation with an ideal C3H6/C3H8 selectivity of 27.2 and a C3H6 
permeability of 47.3, while the thermally annealed MMM made of CPI 
(9/1) and 20 wt% ZIF-8 at 400 ºC show a CO2/CH4 selectivity of 19.61 
and a notable CO2 permeability 728 Barrer in mixed gas tests. The 
newly developed MMMs may have great potential for industrial nature 
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Chapter 8:  Conclusion and Recommendation 
8.1 Conclusion 
With the considerate of the limitation on current available polymeric 
membranes, especially for glassy polymer that is described by Robeson’s 
upper bound trade-off limit, the exploration of high performance polymeric 
membrane materials had been carried out in this study. It is confirmed that 
polymeric membranes with attractive gas separation performance can be 
obtained by designing novel materials, or modifications on the current 
polymeric membranes. This study was first performed on the modification of 
one of the common 6FDA-based co-polyimide material. In this modification, 
three kinds of Cyclodextrins (CDs) were chemically grafted to the cross-
linkable polyimide matrix and then decomposed at elevated temperatures. 
Considering the advantageous values of hollow fiber over flat sheet membrane 
in the industry, a cross-linkable co-polyimide dual layer hollow fiber 
membrane has been fabricated. After that, cross-linkable mixed matrix 
membranes were developed using 6FDA-based co-polyimide embedded with 
different wt% of ZIF-8 nano-particle. As introduced in Chapter 1, the cross-
linkable mixed matrix membrane concept is an attractive technology that 
promises both increased efficiency and plasticization resistance for natural gas 
purification and olefin/paraffin separation in comparison to traditional 
polymer membranes. The developed high performance membranes are 
specifically for gas separation applications, e.g., CO2/CH4, and C3H6/C3H8.  In 
summary, three aspects had been studied: 
1. Cross-linkable 6FDA-Durene/DABA co-polyimides grafted with α, β, 
and γ-Cyclodextrin.  
2. Cross-linkable dual-layer hollow fiber membranes comprising β-
Cyclodextrin. 
3. Thermal cross-linkable co-polyimide/ZIF-8 mixed matrix membranes. 
The above mentioned studies have shown significant enhancement in gas 
separation capability. As a whole, the best membranes for natural gas 
separation are PPM-β-CD-425, and PPM-γ-CD-425, and the best membranes 
for C3 separation regarding to C3H6 permeability are PPM-β-CD-425, and 
PPM-γ-CD-425, and regarding to C3H6 /C3H8 selectivity are CPI (9/1) – 40 
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wt% ZIF-8 thermally treated @ 200 °C and  CPI (7/3) – 20 wt% ZIF-8 
thermally treated @ 400 °C. These membranes have very high permeability 
with moderate selectivity that can decrease the required area of the 
membranes. It is clear that the most expensive part of the membrane process is 
material cost and by decreasing membrane area, the material cost of this 
process decrease. Then, permeability and selectivity improvement of these 
membranes can decrease the cost of the membrane process. The detailed 
conclusions of each study have been derived and summarized as follows: 
 
8.1.1 Cross-linkable 6FDA-Durene/DABA co-polyimides grafted with 
Cyclodextrins 
Cross-linkable co-polyimide (6FDA-Durene/DABA (9/1)) membranes grafted 
with various sizes of Cyclodextrin (CD) were successfully fabricated and then 
thermally treated at elevated temperatures. The study showed that the 
modified co-polyimide membranes with high-performance gas separation 
could enhance both membrane permeability and resistance to plasticization 
simultaneously. The results indicate that separation performance of thermally 
treated polyimides that were originally grafted with the CD is much better than 
that without the CD.  For CO2/CH4 separation, all the co-polyimide 
membranes grafted by CDs surpass the trade-off line while the thermally 
treated original polyimide cannot. For C3H6/C3H8 separation, all membranes 
thermally treated at 425 °C can surpass the trade-off line with almost the same 
permselectivity. However, their permeability follows the order of PPM-γ-CD-
425 > PPM--CD-425 > PPM--CD-425 > Original PI-425. The enhancement 
in permeability can be attributed to the decomposition of CD that may convert 
the spaces originally occupied by CD to micro-pores and thus increase 
fractional free volume and gas permeability. The results suggest this 
permeability increase is strongly related to the cavity size of CD; the bigger 
CD size, the higher permeability jumps after thermal treatments at elevated 
temperatures. On the other hand, permselectivity increases when the thermal 
treatment is conducted over 400 °C. A possible reason for permselectivity 
increment can be due to the occurrence of cross-linking reaction in the 
polyimide matrix that tightens the d-space.  The resultant thermally treated 
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polyimides that were originally grafted with the CD show much better anti-
plasticization characteristics than that without the CD and PPM-γ-CD-425 
membrane can resist over 30 atm while the original polyimide is less than 15 
atm. 
 
8.1.2 Cross-linkable dual-layer hollow fiber membranes comprising β-
Cyclodextrin 
Thermally cross-linkable co-polyimide dual-layer hollow fiber membranes 
grafted with β-Cyclodextrin for separation of CO2/CH4 and propylene/propane 
were fabricated. In order to find the best spinning condition, the performance 
of hollow fiber membranes at various take-up velocities and outer-layer dope 
flow rates was investigated. The fiber membranes were thermally cross-linked 
at different temperatures, and the performance of the fibers before and after 
the silicon rubber coating was studied using CH4, CO2, propane and 
propylene. Experimental results show that permeances decrease with 
increasing take-up velocity. Before silicon rubber coating, higher selectivities 
can be obtained by increasing take-up velocity from 4 to 7.4 m/min. A further 
increase in take-up velocity to 11.8 m/min results in lower selectivities due to 
defect formation. On the other hand, after silicon rubber coating, the CO2/CH4 
and C3H6/C3H8 selectivities increase as the take-up velocity increases. In 
addition, permeances increase with a reduction in outer-layer dope flow rate 
due to the thinner skin layer and lower transport resistance. However, 
selectivities decrease when the outer-layer dope flow rate decreases owing to 
defect formation.  
Thermal treatment temperature plays a significant role in fiber morphology. 
Fiber diameters shrunk after treatment. The 350 ºC treated fibers show higher 
permeances and lower selectivities close to those of untreated fibers while the 
400 ºC treated fibers show higher selectivities but lower permeances due to the 
skin densification and a higher degree of cross-linking. As a result, the silicon 
rubber coating has a less effect on the 400 ºC treated fibers than the 350 ºC 
treated fibers. Selectivities of thermally treated fiber membranes at 350 ºC 
were slightly higher than those of the precursor fibers, and this improvement 
was more significant for membranes treated at 400 ºC.  This enhancement 
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demonstrates that cross-linking is more severe at 400 ºC than other thermal 
treatment temperatures. 
 
8.1.3 Thermal cross-linkable co-polyimide/ZIF-8 mixed matrix 
membranes 
Using three 6FDA-based polyimides (6FDA-Durene, 6FDA-Durene/DABA 
(9/1), 6FDA-Durene/DABA (7/3)) and nano-size zeolitic imidazolate 
framework-8 (ZIF-8), mixed matrix membranes (MMMs) with uniform 
morphology comprising ZIF-8 as high as 40 wt% loading by directly mixing 
as-synthesized ZIF-8 suspension into the polymer solution were fabricated. 
Experimental results show that permeability for all gases increases rapidly 
with increasing ZIF-8 loading due to the additional free volume provided by 
ZIF-8 particles and increased distance among polymer chains. Ideal 
C3H6/C3H8 selectivity improves visibly with increasing ZIF-8 loading due to 
the inherently high selectivity of ZIF-8 for C3H6/C3H8 separation. Similar to 
other works, the addition of ZIF nano-particles into the polymer matrix mainly 
increases the permeability (i.e., not selectivity) for CO2/CH4 separation 
because of their small gas diameters and good interactions with ZIF-8.  
Annealing and annealing temperature plays significant roles in gas separation 
performance. For 6FDA-Durene (PI), 6FDA-Durene/DABA (9/1) (CPI (9/1)), 
6FDA-Durene/DABA (7/3) (CPI (7/3)) polymers, permeability of all gases 
increases with an increase in annealing temperature up to 400 ºC due to the 
breakage of hydrogen bonds or thermal expansion while ideal selectivity 
follows different trends depending on the existence of cross-linkable moiety 
and the degree of cross-linking. Generally, a higher ratio of Durene to DABA 
moiety may produce MMMs with a high permeability while a higher ratio of 
DABA to Durene moiety may result in MMMs with a higher selectivity and 
plasticization resistance because DABA provides a reactive acid site for 
thermal cross-linking. All membranes annealed at 200 ºC or below show 
severe plasticization phenomena at a CO2 pressure of about 10 atm while 
MMMs made of uncross-linkable 6FDA-Durene and annealed at 350 and 400 
ºC still undergo plasticization at around 12-14 atm. The enhancement in 
plasticization resistance is strongly dependent on the amount of cross-linkable 
moiety (i.e., DABA or COOH) and annealing temperature. The MMM made 
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by CPI (9/1) and 20 wt% ZIF-8 shows plasticization suppression 
characteristics up to 30 atm only when the annealing is conducted at 400 ºC. 
On the other hand, the MMM made by CPI (7/3) and 20 wt% ZIF-8 and 
annealed at 350 C already shows plasticization suppression characteristics up 
to about 30 atm. In summary, the higher content of cross-linkable moiety and 
the higher annealing temperature would result in MMMs with higher 
resistance against plasticization. 
 
8.2 Recommendation for future work 
Although the above mentioned research works have exhibited a significant 
enhancement in gas separation applications, the following recommendations 
for future work may provide great insights for the further development of 
membrane materials and fabrication technology for the commercialization of 
those advanced functional materials. 
 
8.2.1 Potential future project directions 
Polymeric glassy polymers are inherently non-equilibrium materials. They 
undergo constant molecular rearrangements to attain an equilibrium state. This 
process is termed “physical aging”. Generally, the physical aging of polymeric 
films would result in a continuous decrease in gas permeability with the time. 
This, on the other hand, has constrained the applicability of polymeric 
membranes for industrial use. Therefore, the long term physical aging study 
(i.e., Stability test) is one of the crucial steps prior to determining the industrial 
applicability of a membrane. Previously, both cross-linkable co-polyimide 
membranes grafted with Cyclodextrin and mixed matrix membranes with ZIF-
8 nano-particle have exhibited superior gas separation performance and anti-
plasticization behavior that far exceeding the recent upper-bounds for the 
state-of-art polymeric membranes (refer to the Chapter Four and Seven). The 
long term stability test (e.g., At least 6 months) would be another key 
parameter in determining the feasibility of those membranes for industrial use. 
Additionally, the membrane thickness should be very thin to achieve a high 
flux of the permeating component, preferably in the range of less than 1 µm. 
Another reason to conduct the aging test with a thin polymer film is due to the 
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totally different permeation and aging behavior of submicron and nano-sized 
glassy polymer membranes. 
 
Other thermally labile groups can be grafted in the structure of the polymers to 
investigate the effect of these materials on the gas separation performance of 
the membranes. Generally, thermally labile groups could be desired for 
polymer structure modification if they have below properties: 
1. Commercially available 
2. Low cost material 
3. High molecular weight 
4. High decomposition temperature (near to Tg of polymer) 
5. High OH or COOH group in their structure 
These materials, with above characterizations can be change transport 
properties of the membranes upon thermal treatment and could be a good 
candidate to improve gas separation properties of the membranes. The OH and 
COOH groups in the structure of these materials can increase the chance of 
cross-linking in the structure of the membranes after thermal treatment and 
this point is important for polymer architecture to design and generate a good 
cross-linking membrane with high separation performance. 
 
8.2.2 Hollow fiber spinning of the cross-linkable mixed matrix 
membranes 
Since a proof of concept has been established for the use of cross-linked 
mixed matrix membranes for gas separation, and if nano-sized ZIF-8 can be 
achieved, the next step in membrane development is scale-up from dense film 
membranes to hollow fiber membrane modules. A few technical issues will 
have to be overcome in the scale-up process. The most important one is that 
the outer selective layers of hollow fiber membranes, which are similar to 
dense films, should be prepared in more than 20 wt% polymer in NMP 
solution and before spinning it will be needed to remove the bubbles from the 
dope solution. This bubble removing needs degassing procedure with ultra-
sonic and ultra-sonic may lead to gel formation due to the reaction of ZIF-8 
with COOH group of DABA moiety. Then, further study is needed to find the 
new method for degassing the outer layer dope solution. 
